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PREFACE 


This book— a brief exposition of fundamental physical metal- 
lurgical principles — is an outgrowth of a course of lectures which I 
have given at Harvard University for some years past. The 
students electing the course have been, for the most part, post- 
graduate engineers, metallurgists and mechanical engineers 
predominating — students in the Graduate School of Engineering. 
Recently, the course has been opened to certain qualified under- 
graduates in Harvard College, and the group electing it has 
proved to be still more diverse in interests. Experience of some 
years with this rather heterogeneous group indicated that there 
was no introductory, text in physical metallurgy which was at 
once sufficiently specific and fundamental for those who were to 
continue in the science, yet interesting and comprehensive 
enough for those seeking a general knowledge of the subject and 
whose active acquaintance with it w'ould likely end with the 
course. This book was written to fill that need. 

Physical metallurgy has developed, in recent years, into a 
somewhat comprehensive science. Long after Sorby’s time, 
metallography — as the science was then called — continued to 
have its major interest in metallic microscopy and in the correlat- 
ing of microstructure with mechanical properties, particularly 
of the industrial alloys. This notion of what the peculiar field 
of the science was, however, no longer holds, for any phase of 
metallic structure or behavior is now considered — and quite 
rightly — the proper concern of the physical metallurgist. Such 
diverse problems as those connected with the physics of metal 
crystals — their fine structure, their behavior under stress and 
temperature, etc.; the electrochemical problem of corrosion; the 
physical chemical problem of nonequilibrium in alloy systems; 
and many others that one might name are now conceded to be 
within the province of the physical metallurgist. As a conse- 
quence, he needs to be somewhat of a physicist, a physical 
chemist, and a crystallographer, as well as an engineer, for his 
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applied science draws largely on those fundament al physic‘al 
sciences for its sustenance and deveiopnuuit. '‘rh(‘S(^ facts 
have been kept constantly in mind during tiie writing of this 
book. 

The number of those to whom credit is due, bca*ausc‘ fd on(‘ 
circumstance or another, is so great that only a g(*n<‘rai aeknowl- 
edgment of my debt s(‘C‘ms possible*. Many photomicrographs 
and many data of former stuchaits have bee^n included in tin* 
text, with credit in each cast*. To Dr. K. L. Ko(*d, research 
metallurgist at the Watertown Arsenal, sp{‘cial tiuuiks are dwi 
for the use of many of his fine ])h()toiiiicr(>graphs. 

Dr. Albert Sauveur, Gordon AIcKay Prof<*ss(>r of M<*talhirgy 
and Metallography, Ennaatus, Harvard riiivcrsity, and Dr. 
Geiorge B. Watf*rhous(*, Professor of Metallurgy, tin* Mas.^a- 
chusetts Institute of Technology, Ijoth r{‘ad the manuscript 
before it was sul;initt<‘d to the j>uhlish(‘rs. My sinc(‘re thanks 
is theirs, for I know the hours of th(*ir busy lives whi<‘h were 
requirc'd to examine critically what, I am afraid, wjis not always 
an easy-reading copy. I a{)pr(‘ciat(‘ their int{*n‘st in my under- 
taking, and I was ha})py to listen to, and to act upon, their 
suggestions. I appreciate also the* int<‘r(‘.st taken in my liot^k by 
Dean Harry E, Clifford of the* Gradtuib* Bch(H>l of l*'ngine(*ring of 
Harvard. His long editorial (^xperieuice* made his suggestioiis 
douVdy valuable. 

L, H. Van' Wkht 

CAMBmixiB, Mass., 

January, 1936. 
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AN INTRODUCTION TO 
PHYSICAL METALLURGY 

IHTRODUCTION 

react against these (taboos), to tame them and subdue them to 
its ends, humanity sought an auxiliary in a false science, magic, which 
is the mother of all true sciences.’^ 

''When once magic had become a profession, . . . , the magician 
had perforce to produce some happy effects, calculated to commend 
recognition and respect; so the charlatan became a physician, astrono- 
mer, metallurgist.’’ 

— Reinach. 

The genesis of the metallurgic art may be thus and so, and 
may have occurred in the comparatively recent time of which 
Reinach in his Orpheus writes, but surely man^s acquaintance 
with the metals is much antecedent to his development of a 
processing technique; indeed, to find the beginnings of that 
acquaintance, one must go back to the very childhood of the race. 
Obviously, one's notions of a matter of such antiquity are largely 
conjectural. 

As the seemingly interminably long Stone Age at last drew to 
its close, the animal which is man" had become something 
quite apart from the rest of “earth's children," for he alone had 
learned how to make for his own use implements of flint and bone. 
Other animals might, after a fashion, use the simple tools that 
nature had grudgingly provided, but only man could make his 
own. Man's uniqueness as the sole tool-making animal of 
creation might yet have come to naught had not some unnamed 
genius, toward the end of the Stone Age, discovered the plastic 
metals, materials infinitely more responsive to man's lately 
acquired, yet really deft craftsmanship. With these new ductile, 
yet hard and strong substances, early man continued to work his 
artistry, producing ornaments and implements, of aesthetic and 
serviceable qualities, altogether impossible of attainment in a less 
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versatile material. With his discovery of the metals, man was 
off to a fresh start along the long road that has led him to his 
present high place in the natural world- 

Thus, from early Pleistocene time, but more especially aftcu' 
man's emergence from the prehistoric phase of his de\'(‘lopmc‘nt, 
the metals have played an increasingly significant role in his 
material affairs— in the providing of means of sheltcT, in 
building and equipping of ways of transportation and eonununiea- 
tion, in the manufacture of armament, and as the chief material 
from which he fabricates the tools, appliances, and rnaehiiif*s that 
multiply a thousand-fold the labor of his hands. It is, of cours(*, 
needless to point out the importance of the metals in mun's 
present economy. Our own time has sometimes been called the 
metal age," but it is hardly possible that the osseiitial quality 
of a culture so complex and diverse in interests as is ours can he 
contained in so small a comxmss; rather the intent of tlu* tca*ni is 
simply to do, what good archaeological practice a|)j)rov(‘S, 
m., to name and define a culture in terms (A the principal 
material of which contemporary man makes his tools. 

The story of the metals and man is thus an ancicmt one, and 
with so old a story there are, necessarily, many missing pages 
from the early chapters. What th(‘ first of these chapfers would 
tell us we can only guess for time has o!>liter:il ed all tlie matorial 
evidence. The discovery of the metals — w'hen, wherf‘, and by 
whom, we do not know — is one of the really f‘poehaI evf'nts of 
man's unusually evcuitful career on this planed ; it takes rank with 
such significant events as the first utilization of tlw c(»n*ai grains, 
the domestication of cattle, and the inveniicai of an aiphahet. 
As with these happ(‘nings, the discovery of the metals hroright one 
notable epoch in the raceds history to an end and ushered in 
another — our present — era. 

A somewhat later chai)ter in history propfudy Ix^gins with tlx* 
discovery of the methods of reducing m(‘taLs from their (uo. 
This notable advance in the metallurgic art by primitivx* man 
followed, as one result, an even more momentous happening the 
discovery of fire, which has Vjeeri d(*scrib(‘d as ‘Min* most charac- 
teristic act of genius of which mankind can boast." Surely, tin 
other single event has so profoundly shapfxl human destinies. 
One of the many far-reaching results of the disco vmy of fire was 
that it provided man with the means of unlocking the metal 
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treasures of the earth, where, in the form of refractory minerals, 
they had hitherto been unavailable. With the application of 
fire to metal reduction (smelting), the art of metallurgy really 
began, as the production of metallic materials, on any consider- 
able scale, became for the first time a possibility. For man now 
was no longer dependent on the chance finding of meteoric frag- 
ments or terrestrial nuggets for his metal; in ores he had a 
dependable and inexhaustible source of supply. Moreover, his 
melting and smelting operations gave him metallic materials of 
varying properties, since he inadvertently alloyed with his metal 
certain constituents of the ore and fuel, and these affected his 
metaPs properties. By long and painful experience, man learned 
that chemical composition was of considerable influence on his 
metallic product, and, in the same way, he learned how these 
impurities could be eliminated where they were harmful or, if 
helpful, how they could be deliberately increased. Thus, specific 
refining and alloying processes came into being. 

The final phase in the history of the metals and man is con- 
cerned with the developments in the art (shortly to become the 
science) of metallurgy that have taken place in historical times. 
This is not the place to recite these developments in detail. For 
us it will be sufficient to note that these comparatively recent 
developments have been mainly in two directions. First, con- 
tinuing with the methods of the older metallurgy, improvements 
have been made in the attempt {a) to secure more refined, more 
surely controllable, more mechanized, and cheaper methods of 
extraction, and (6) to build larger and more thermally efficient 
units of reduction, designed not only for the production of higher 
purity metal but also for the recovery and utilization of by-prod- 
ucts. These developments belong to the field of production 
metallurgy, which is not our chief interest now. 

Rather, our especial concern is in the second of the two direc- 
tions in which metallurgy has made noteworthy progression, 
viz., the study of the fundamental structure and properties of 
the metals and the metallic alloys. This phase of metal science^ — 
metallography, we now call it — dates only from 1864, when 
Sorby, an English scientist, reported on his work, begun a 
year previous, on the microstructure of the meteoric irons. This 
work w^as the natural consequence of a long and active interest 
on the part of this investigator in the microstructure of minerals. 
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Not till 1878, fourteen years later, did another report on work 
carried on in this field when Martens, in Germany, publisluxl his 
first paper. Thus, 'Ho Dr. Sorby and to him alone as Dr. 
Sauveur has said^ — 'Hs due the pioneer^s honor. Y(d, the real 
impetus given to the use of the microscope as a tool for th(^ study 
of metallic structure came as the result of two subseqiumt pa|)(u\s 
by Sorby, which he read before the Iron and SttHd Institute 
(Great Britain) in 1886 and 1887. These two later contril>utions 
of Sorby, illustrated by many fine photomicrographs of iron and 
steel, aroused the attention of metallurgists to an extent that his 
pioneer paper did not, and from that time on metallic inicros(‘opy 
grew apace. The early workers in this field, other than Borhy 
and Martens, were Stead and Arnold in England, Osmond in 
France, and Howe and Sauveur in America. 

In January, 1896, only a few months after the discovery of the 
X rays (by Bontgen in the fail of 1895), Dr. Albert Bauveur, at 
the Illinois Steel Company, used this unusually perudrating form 
of radiation in an attempt to detect internal flaws and df deeds in 
steel. This initial experiment w’as not a sue(‘C‘ss, for t he nidiat ion 
produced by the crude methods then at hand lacked (juaHty 
necessary for the penetration of substanc(‘s so opa<pu' (dfuiscd 
as the metals. It was, however, the first attemplfni f‘X})eriiiieiit 
in metal radiography. In many fields of imdal technology 
(welding, casting, etc.), radiographic methods ar(‘ now of wi<!c‘ 
and important use. 

Friedrich and Knipping’s experimental vcuificaf ion, in 1912, 
of Lane's novel theory that, because the di.stan(*(‘s lKdw<‘<»n the 
"rows" of the symmetrically spaced atoms of a crystal are of 
the magnitude of the wave lengths of X rays, a (*ryslal siiould act 
as a three-dimensional diffraction grating for tiusse rays, murks 
the beginning of the science of X ray crystal analysis. As we 
shall soon see, the metals are crystalline in churaeter, and tlw 
recent application of X ray diffraction nudhods in the study of 
the fine structure of crystals has nowh(*re Ixsui more successful 
than with metal crystals. X ray metallography has re\’ealfsi 
much of the enigmatic nature of metal strindun* and ladiavior. 

The word "metal," like many another name of an everyday 
thing, is of an ancient etymological iineagev It (a)nH^s to us 

^Quotation from the biographical sketch of Sorby by fh(‘ Kditor of thf' 
Metallographist, 3, No. 2, April, 1900. 
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through the Latin metallum, from either the Greek noun metallon 
{meta = with + alios = another), signifying complexity (as of 
ores), or more likely, from the Greek verb metalldnj to seek after, 
suggestive, as Rickard has observed, of ore prospecting. In 
either case, the use of the word was not originally confined to 
the metals alone but was applied more comprehensively to include 
also the minerals, ores, mines, mining, etc. 

Man^s age-long acquaintance with the metals presents an 
interesting, if somewhat disturbing, fact, viz., he has known of 
the metals so long that the origin of the name is uncertain, yet, 
as "we shall soon learn, he knows so little about them that their 
real nature is yet but vaguely understood. The reasons for this 
last unhappy circumstance are not hard to find. In the first 
place, one must remember that for many, many centuries man^s 
only interest in the metals was utilitarian; all man knew, or 
cared, about the metals was that they possessed certain properties 
that made them useful; it has been only during the last fifty 
years that man has made any attempt to discover the essential 
nature and meaning of metallic be^iavior. Progress in this search 
has been beset by many obstacles. Experimental inquiry has 
often been hampered by the lack of adequate research tools, for 
in metal research as elsewhere investigative enterprises have, on 
occasion, had to wait on the invention or development of more 
precise analytic or measuring appliances or methods. For the 
metals are no structurally simple things. They are chemical 
elements whose individual atoms are built up in the usual intricate 
way of all atoms, in a way that atomic physics has yet fully 
to understand. But a metaFs interatomic relationships the 
manner of the bonding of its atoms to form a solid — is likewise 
as little understood. Apparently, it differs from either the true 
ionic or homopolar (covalent) types of bonding of other crystal- 
line solids. Yet, without doubt, it is the peculiar bonding 
mechanism of the metals which provides, at least, one key to 
the enigma of '' metallicity.” As we shall see, our present notions 
of the electronic and atomic relationships that prevail in metallic 
substances are, in some cavses, indefinite indeed. 

The metal sciences may be classified into two major groups: 
To the first group belong such applied sciences as deal with the 
extraction of the metals from their ores, as : beneficiation of ores 
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(ore dressing), pyrometallurgy, hydrometallurgy, eleetroiueia!-- 
lurgy, and the numerous I'efining processes used in eonjunef ion 
therewith. Also properly included here are the s(*vf*nil methods 
of recovery and treatment of meialliirgieal by-|>r(Kiuet.s, and 
again — for they are allied with tin? group - 1 h<‘ pr(>e(‘.ssing nud IkhIs 
and treatments as, for example, alloying, various typ(‘s of easting 
operations, and heat and mechanical treatnumts. This rather 
comprehensive group of the metal sciences is obviously eoneerned 
with the reduction, refining, and otherwise pre|)anng tin* metals, 
and, for this reason, the group is commonly dt*signated prmsK, 
chemicalj or extractive metallurgy. 

In the second major group of the metal seienecss an* ineluded 
those studies that deal with the inon* sei(*ntific aspects of metal 
behavior. The metals are used in the arts and the indu.stnes 
because they possess certain desirable s(*rvieeahk‘ proper! i(*s; for 
example, for many engineering purposes, tin* high Iiardness uikJ 
strength of metal are essential qualities, while* in the decorative 
and architectural arts the emphasis is mon* oft(‘n laid on color and 
weathering behavior. It is of general knowh*dge that the* 
physical properties of a metah^as, ind<*ed, tla>s<* of oilier sub- 
stances — are wholly determined by that l^omh-d eoinplc*x of 
electrons, atoms, and crystals that go to make it up. .Moreover, 
we know that this structural compl(*x is by no means an unalter- 
able affair, but rather one that can lx* (*hiingf*d, more or ksss, 
by man's device, that is to say, by suitalile l!n*rnial, meehanic*al, 
chemical (alloying), or oth(*r m<‘ans. From this alteration in 
structure necessarily ensues modifieatioa of propt^rties. It is in 
metallic structure, in the posmble alteration thereof, and in the 
property changes resulting therefrom that the s<*ien<a*s the 
second group are mainly conc(*rne(L The* nam<‘ for this group 
of the metal sciences is physical metallurgy, or meiollogrophy. 

In this book, we shall be interested in physical metallurgy in it^ 
broadest aspects, and we shall begin our study of the subjem by 
critically examining the ‘'pure'' metals in the light of their more 
characteristic properties and b(*havior, in an end(*avor i(f arrive 
at an adequate notion of the* metallic date. 



CHAPTER I 
WHAT IS A METAL? 


'‘Thou hast asked a hard thing.” 


— 2 Kings 10 . 

“ Metal is a mineral body, by nature liquid or somewhat hard.” 

— Agricola ( 1546 ). 


The Metallic State. — The title question, like so many other 
questions that one can ask concerning the nature of common 
things, is not easily answered. Admittedly, there is no simple 
yet adequate definition of a metal. Many of the ninety odd 
chemical elements are obviously metals — in fact, most of them 
are — others are as obviously nonmetals, but by what token one 
makes the distinction betweto the two groups, one cannot be so 
sure. There are a few elements, also, that partake of the nature 
of both metals and nonmetals, under many — indeed, under most 
— conditions they seem metallic enough, but on occasion their 
behavior is decidedly nonmetallic. These metalloids, as they are 
sometimes called, add a further difl&culty in the attempt to frame 
a satisfactory definition of the metallic state. 

We shall tentatively describe the metals as chemical elements 
possessing certain specific properties which appear to be charac- 
teristic of such elements; in other words, we shall now define a 
metal on the basis of the more obvious properties of the group. 
While this description of a metal may lack the preciseness of an 
exact definition, it is not without some definitive value, for experi- 
ence with metallic behavior, either in the laboratory or under 
actual service conditions in industry, teaches us that the metals 
do really possess some important properties not possessed — at 
least, to the same extent — by the nonmetallic elements. This is, 
indeed, true despite the equally patent fact that these peculiarly 
metallic properties are shared unequally by the several individuals 
of the group, that some of the metals are more metallic than 
others. The circumstance of varying metallicity among the 
so-called metallic elements accounts for (though it does not 
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explain) the existence of the often ir bonh-riitH- metals, 

those ekmients whieli under many einainistancrs appear so liith* 
metallic in their conduct that one may \v<‘II qxu^siUni their funda- 
mental metallic riatun^ 

A practical discussion of the properties of tlH‘ metals is reserved 
till later (Chap. II, and again in Chap. \d), Init tln^se pn»p<*r- 
ties characteristically metallic enough to s(‘rve to set tiie group 
apart from the other elements of the penaodie elassificat ion, ami 
to give it an adjectival distinction, something will now be said. 
The characteristically metallic properties inehide: 

a. High hardnesH and strength. 

h. Plasticity. 

c. Certain (ilectrical and thermal prf)p<Ttics and eff(*cts. 

a. High Hardness and Strength.— (hisual observation tells us 
that the metals are relatively hard an<l strong suf>stanees, I'hey 
are strong because w(‘ know that th<*y effeetivc^ly resist nipt un* and 
that this is true whether tlu^ forc(*s tending to rupture are in 
tension, compression, torsion, or in siiear. We kiuAv ttat that 
they are hard because they permit, only with considerable dif- 
ficulty, penetration by another and iiareifr beaiy, whieh is, 
perhaps, the best way to appraise^ hardness, 'riien* is apparerpj y 
something peculiarly temacious and cohe»sivf' in the niednllie iy|>i‘ 
of (atom) bonding wliich iiiake\s mo.st inetals (Oppose, in an 
unusually efiicieuit manner, (‘.xleu'nal fe>rc(\s whieh \\otdd, in e-fleet , 
tear the atoms apart or at Ie*a.st dlsplae'c thean (or hlnek-- ut ihenu 
from their eepiilihriuni positions. It would se»ein, ifien, lhat we 
have in high mechanical hardne‘ss and .strerngth, ortf cons«a|uenee^ 
of an internal structure peruliar to those* e*leniH*nts wi* i-all metnis. 

b. Plasticity. — It is commem kne>wlealge‘ alse^ that sonm 

may be drawn into wire and rolleal or hammere'd irito sliei-r . As a 
matter of fact, thc^ latter ]>rf>perly was knenvn in juf-historie man ; 
with another propeu’ty — color, for gold and e-e>ppen^ it enabled 
him to distinguish bedAve‘fm medal nuggets and friabh^ pebbh- uf 
stream beds. The property whiedi permits a metal fu be drawn 
into wire is known as ductility, while that which makf*s it po>-il)!r 
to roll it into shee^t is called malleaibiiity. Ne-ither is a .nimpif* 
property, but a compositci in which strength is one* elennent e*enj- 
cerned. Another element is plasticity, the ability to flow und»n’ 
pressure. High ductility (or mallcabilif y) invoivf*s a suifabk 
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combination of, and coordination between, strength and plastic- 
ity. A well-developed capacity to flow plastically, coupled with 
high strength, is a property of crystalline substances, notably the 
metals, presumably because of the peculiar manner of response of 
such substances to an applied stress. As we shall later learn, 
plastic flow in crystalline substances occurs principally through 
transcrystalline slip and not, as one might at first expect, by 
relative movement of the crystals themselves. 

All crystals, including metal crystals, are distinguished from 
isotropic bodies (as wax) in that their constituent atoms are 
arranged in a regular and orderly fashion. Crystals possess a 
definite spacial pattern (space lattice), which is wholly lacking in 
isotropic substances. It is this regularity in structural arrange- 
ment which accounts for the way plastic flow occurs in the metals. 
We find, then, that it is again a structural feature which is respon- 
sible for another somewhat typical metallic property. 

c. Thermal and Electrical Properties. — Of greater worth than 
either of the foregoing as criteria of the true character of a metal 
are thermal and electrical properties. While the mechanical 
properties mentioned are characteristically metallic, they are not 
exclusively so, for actually the metals share their strength and 
hardness properties with other crystalline substances (many of 
the rock minerals, for example), though it is true that these 
properties are generally better developed in the metal group than 
elsewhere. 

In thermal and electrical properties we discover a group of 
properties which are, in kind, without question uniquely metallic. 
As is well known, the metals are exceptionally good electrical 
conductors. True, certain nonmetallics are too, though usually 
less so. It is, however, the manner — one is almost tempted to 
say, the mechanism'' — of electrical conduction, and not the fact 
itself, wherein lies a metal's uniqueness. A metal conducts the 
current electronically, that is to say, by the motion of electrons. 
There is no actual transfer of matter such as occurs in ionic 
conduction (in electrolysis or in ionized gases), where ions 
charged particles of a finite mass — are the carriers of current. 
Electronic conduction seems, then, an exclusive metallic phe- 
nomenon^ and is presumably the consequence of a distinctive 

1 Many metallic compounds, as certain metallic oxides, nitrides, etc., also 
exhibit the property — an inherited character from the metal ,elom^^nt.- , , 
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feature of the metal lattice, i.e., the ^‘framework on which the 
metahs atoms are arranged, 

A metal is a chemical element and, as such, the struct un^ of its 
atom conforms with atomic architc^cturc gcncrftihv. 'Fhcrc is 
the nucleus, of net positive charge*, relatively heavy Imt smuil, 
accounting for practically all of the atonFs mass. Hurrf>unciiag 
this are "‘shells of negative electrification of such total <‘hiirg(* as 
to equal the net positive charge of the nuch*us. 'Flie atom is 
thus electrically neutral. The outer "‘shells’' the at<uu are 
essentially made up of electrons, ind(*fiiiite sort of t lungs, posst-ss- 
ing mass and wave properties simultaneously,^ and (‘arh having a 
mass of about Ksss of that of the hydrogen at oin ft lie lightest 
atom), and each of unit e negative* charge. I'he nucleus, on the 
other hand, is made up of two kinds of charged particles: protons, 
particles carrying unit |)ositive eharg(‘s, and negafi\‘ely cliarged 
electrons. The number of electrons actually n*sident with the 
protons within the nuclear portion of tin* atotn is that wliieh will 
neutralize about one-half of the total positive charge of tin* 
protons there; the remaining onedialf, or tliereahuuts, the 
electrons necessary for compI(*te aioinie neutrality is found in 
the above-mentioned outer “shells.^' H-xc(*pt, f<iv the atom’s 
mass, these outer electrons give the atom most of its distinctive 
properties. 

The outer electrons of the atom are built up in a seni‘> of c<Ui“ 
centric ^‘shells'' around the nucleus, witli that nuiiihor of roiis 
per ''shell” (as two in the first, eiglit in tin* sf'fond, etc. | which 
permits of a symmetrical, and thus slahie, distribiuitm over the 
"shell.” A stable configuration in u// "shells” is, howevor, t ho r-ase 
only of the atoms of iho inert rare gases, (haierally, thfU'** is an 
unfilled quota in the outermost "sheii”; this n-suhs in an asym- 
metrical distribution of electrons over that prutieulur "sheH” and 
a certain degree of structural insufFici(‘ncy to the atom as a \vht>h*. 
For this reason, such atoms tend either to arcjuiro or In ln><% 

^ ^'It m not, . . . , that a physicist of .'in n!«Ttrf»n a- .a mu 

Mondays, Wednesdays, and Fridays, an<i as a wave on 'fuM^dav-. lloir -dav 
and Saturdays, and on Sunday.s prays for a M<"-Niaii \\\iu will I* :oi him f.a. k 
to the belief which he held on Monday.s. The acluai .-itiiatjMn i-, 
different from that. He works with a mat heinatieai tla-nry u ha-h hv vi nal 
izes for .some purpo.s<^s by means of the classical com-eptinn of a parfa h- and 
for other purposes by means of the imaj^ery of tla- wava tlaory,” O-u u.a 
Veblen, Joseph Henry Lecture.s, Philosophical Sta-h'ty of Wa-liin^ton. lU3 h 
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depending on circumstances, the number of electrons necessary to 
establish symmetry and chemical quiescence. The number of elec- 
trons that must be gained, or lost (as the case may be) in order 
that structural stability may ensue denotes the principal chemical 
valence of the element. Such in briefest form — and entirely 
without reference to the more important energy aspects of the 
atomic structure — is the picture of the atom, of both the metal 
and the nonmetal atom. So far as one is able to tell, the 
metal atom, per se, differs in no structural sense from the nonmetal 
atom. Perhaps one should not expect that it would. 

Apparently, then, one must look outside the atom to find 
wherein a metal differs fundamentally from a nonmetal. The 
extra-atomic source of ^'metallicity” is supposedly found in the 
peculiar bond — the so-called metal bond — of the metal atoms in 
the crystal lattice, to which reference has already been made, and 
in an additional, yet related lattice character, again uniquely pos- 
sessed by the metallic elements, viz., the presence of unattached, 
or free, electrons. These free and seemingly autonomous elec- 
trons are not the ones described above, that is to say, they are 
neither the ones intimately associated with the protons in the 
nucleus, nor are they the ones found, at the time, in the shells 
surrounding the nucleus, but rather they are electrons possessing, 
temporarily at least, a detached, extra-atomic existence. The 
presence of these free electrons in the lattice is a distinctive and 
fundamental feature of the metals ; it is they which are supposedly 
responsible for the peculiarly metallic type of bonding, for elec- 
tronic conduction, for the metals’ high thermal conductivity, and 
for what other really unique aspects of metallic behavior exist. 

It is not easy to get a simple and clear physical picture of the 
way these unattached electrons are related to the parent metal 
atoms, or to their lattice, but for the purpose of our elementary 
inquiry no precise notion is necessary. Drude has thought that 
these electrons have the freedom of movement and other kinetic 
characteristics of the molecules of a perfect gas, while Sommerfeld 
would have them occupy fairly fixed and definite positions on a 
sort of lattice of their own. But whether they are endowed with 
unlimited and haphazard motion, or whether more or less con- 
fined to lattice points, it is commonly agreed that in the presence 
of an electrical field the electrons concertedly move — a ‘‘drift,” 
which gives rise to current flow. 
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For the present we shall be content with the harf‘ .statement of 
fact of high electrical conductivity in tin* nH‘taLs, and with 
assumption of its fundamental electronic nature, leaving all 
discussion of the practical significance of the i)hen<mienon till 
Chap. II where conductivity is consicl(‘re(l along with ufiier 
properties of technical importanccn* 

In addition to conductance, the free electrons arc hehi din'ctly 
responsible for certain other distinctive iiHUallii* pro|>erties. 
These include various thcuTiHX'k^clric efY<*<*ts, (‘missivity phe- 
nomena, the property described as 'h-ontaet potential,’' and the 
optical property of practically a total reflect i(jn of imndent light. 
Only one of the first-named (dTects la^eds any doseript ion. 

The thermoelectric effects of nudaliic uuiteriais, assoeiatf*<i 
with the presence of unorthodoxly Ixduiving ele<‘trons, an* the 
Seebeck, the Peltier, and th(‘ Thorn psou (*fTe{*ts. 

a. The Seebeck EtBfect. — S(xdx*ck (1832) disccnered what is 
now a well-known phenomenon, triz,, if two dissimilar wires are 
connected in a closed circuit and the two junctionsure maintained 
at different temperatures, an (‘lec’tric* curnmt will fimv in 
circuit. This phenomenon is the l>asis of the* thermocouple unit 
of the thermoelectric method for tin* moasureimmt <jf high tem- 
peratures. Two dissimilar imd.aLs (dissimilarity may he simply 
a question of appreciable comixrsition (iifT<’rences) M and .V 
(Fig. 1) are connected at two junctions A ami H. At junction .4, 
because of the phenom(*non of ‘h^ontact potential,” «*leetnais 

^ Some interesting conduefion phc‘iioiiiena, further fvidiuire fu' thr f*I**i‘- 
tronic character of conduction in the metals, mi^ht In* hriefiy ; 

a. Transverse (Longitudinal H(dl\ Kfftc.t: An inercaHi* in tlu- iouj^itiidiunl 
resistance in an electrical conductor plac(‘d at right angh's !»• a luagtM'ta' 
field. 

h. Hall Effect: Points along one (tdge of a rci-tangular rical 
are at a different electrical potential from those along the oppt»siii* rdg<- n tc ii 
the conductor is placed in a Iransvcrst* magnetic fichi. 

c. Ettinghausen Effect: Points akmg one ctlg^ of an elect ricnl cnnduef^ir 
are at a different thermal potential (tcinp<*rafurc . fnun tho-^c along tie- 
opposite edge when the conductor is placed in a transverse magiieiic field. 

d. Nernst Effect: Poinhs along one edge of a rectangular t fiermal eruidueo ,r 
are at a different electrical potential from those along the o|}po?,jf e i-dge ivhen 
the conductor is placed in a transvc*rse magnet h' field. 

e. Righi-Led'iic Effect: Points along one edge* of a reetangular thermal 
conductor are at a different thermal potential from tlujH^* nhuig the opiwjspe 
edge when the conductor is placed in a tran.sverse niagneti<- field. 
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tend to pass from one metal into the other, let us say, from M 
ioN. 

At junction at the same temperature as junction A, there is 
an equal electron pressure and an equal tendency for electrons 
to pass from metal M to metal iV. The algebraic sum of the 
pressures is thus zero, and no 
current flows through the cir- 
cuit. If, however, the tem- 
perature of the two junctions is 
different, the electron pressure 
at the junction of higher tem- 
perature (say, at junction A) 
will be greater than that at the 
lower temperature junction 

(the ‘^cold junction^')? the net 
contact potential then is of a finite value and a current will flow 
in the circuit (in the direction of the arrow). 

The e.m.f. developed in the circuit is a function of the tempera- 
ture difference of the two junctions,^ or 

JE = JEji — Eb 

where Ea is the e.m.f. developed at junction A, and Eb is that 
developed at junction B. Thus, the indicated e.m.f. is the 
algebraic sum of the two developed e.m.fs. and does not represent 
that of the hot junction alone. The simplest way to eliminate, 
in effect, the term Eb from the equation, that is, to make the 
indicated e.m.f. equal to the e.m.f. of the hot junction Ea, is to 
reduce the temperature of junction B to 0°C. Then the measured 
e.m.f. E is that due to the hot junction A above 0°C, This gives 
an e.m.f. which can be expressed in terms of temperature above 
O'^C. 

b. The Peltier Effect. — This is the reverse of the Seebeck 
effect and may be stated as follows: When an electric current is 
allowed to flow across the junction of two dissimilar metals, heat 
is evolved when the current flows in one direction, and absorbed 
when it flows in the reverse direction. The reversal of the heat 
change distinguishes the Peltier effect from the more commonly 
observed heating effect of an electric current on a conductor 
(the Joule effect). 

1 Also of the materials of which the elements of the couple are made. 



Fig. 1. — Two dissimilar metals, joined 
at junctions A and B. 
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c. The Thompson Effect. — When a <*urn*Mt flow.s <i(nvn an 
unequally heated conductor, a transha* of h(‘at takes place. In 
some metals ' (copper), when a current is passed from the hot to 
the cold end, heat is evolved and a currcmt of heat flows down the 
wire in the direction of electric-current flow. In othm’ nn^tals 
(iron, for example) the reverse is the casc‘, }i<*at is ahsorlaal aiici 
the direction of heat flow is opposite to that of eh*(‘tn(:‘-curreut 
flow. 

Electron emission refers to the phenomenon of (*seape of elec- 
trons from metal surfaces. The stimuli inducing emission are, 
in general, three in number: an illumination of tin* rnetal by light 
of sufficiently low wave length; a heating of th(‘ inc‘tai to a suf- 
ficiently high temperature; and the prc‘sen(*c‘ of an <‘xt(*rnai 
electric field of a sufficiently high strength. In ail thn^e ciis(*s, 
emissivity results from an increase in the kirudic’ energy (vehnity) 
of the free electrons such that they can (‘xtricule IhcinHclvr^s from 
the metal-lattice entanglement and actually clear tin* metal- 
surface barrier. When outside the imdal, th(‘ ele<'trous possess a 
quite independent existence, and because they are charged 
particles, they can be given, direction and vtdocify !*y a pro|s*r 
electric field. 

The process of electron emission )>y incident light of high 
frequency is known as photoelectric emlsmon: tin* iriK^re.st ing fa<d 
concerning this phenomenon is that no niatt(»r how intense thf* 
radiation may be, if its frequency h(‘ not above* a certain iiiinimum 
value (the threshold frequency), (uni.ssion will not tak(* place. 

A second type of electron emissivity, and one wliere a high 
temperature is the stimulus, is known as thermionic emission. 
This phexaomenon forms the basis of most kinds of electron t ulw*s, 
as, for instance, radio tubes and X ray (filaimml tyiwp tribes. 
The high temperature of the glowing metal filanumt imparts tn 
the electrons a velocity sufficiently high to (mahh* certain of those 
momentarily advantageously located to detaf‘h themselves from 
the metal lattice and to escape frf*e from the surfac^e. ''rhennioni<* 
emission is an endothermic process and is analogous to vaporisa- 
tion where, at the boiling point, the molecules of a iifjuid acquin* 
the necessary kinetic energy to permit them to leave the lifiuid. 

The same sort of electron emission can oecur through electron 
''extractions^ from metal surfaces by intense el(*ctrical fields. 
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Still another variety of electronic phenomena, though related to 
the thermoelectric effects mentioned earlier, is contact electricity. 
The essential effect of this phenomenon — and this has already 
been alluded to — ^is that when two different metals are simply 
placed in contact, the one acquires a positive charge and the other 
a negative one, indicating that electrons have actually passed 
from the one to the other. 

Summary. — The source of a metaFs strength and plastic 
properties is found in its lattice structure, and in the manner of 
the bonding of the atoms in that lattice. The peculiar electrical 
and thermal properties of the metals, including many interrelated 
thermomagnetoelectrical phenomena, provide the factual basis 
of ^'metallicity,'^ the explanation of these properties and effects, 
i.e.j general metallic behavior, by the assumption of free electrons 
within the metal lattice, completes, as far as the simple metals 
are concerned, the present notion of the metallic state. 

We shall soon learn, however — ^something that we may, in 
fact, already know — that the simple metals do not constitute all 
of the known metallic substances. Many of these latter are even 
more intriguing to the student of metal physics — and more useful 
generally — than the metals themselves. On another occasion, 
we shall attempt to bring these less simple metallic materials 
within the meaning of the metallic state, by claiming for them, in 
kind, the lattice, linkage, and electronic characteristics of the 
pure metals. 



chapti^:k ii 

THE METALS AND THEIR PROPERTIES 


As a starting point in our dLscuK.sion of t ho import unt toohnicai 
properties of the metals, ref(‘nui(*{* is again imule to the I’aef that 
metals are chemical eloiiKnits, that, in fact, th<*y const ifun* the 
majority of the 92 elements that .McauhdeidT has arranged into 
what is commonly known as th(^ ixulodic lahle. In the usual 
form of this classification of lh(‘ (‘Ifmamts, ea(di of iiie fdght 
columns is occupk^d I)y ecjuivalent ekniients, that is to say, hy 
elements of like disparity in valence <‘lc‘ctroiis. \'alence, like* 
other atomic properti(‘s, is |x»riodic. 

Not generally so, however, are many of those ic’s, as 

plasticity, strength, hardness, (‘tc.- - tlu‘ so-called struct ttral ami 
granular properties — which find th(‘ir origin (‘liielly in the crystal- 
line units of matter. Thus, th(‘ ortliodox form of the periodic 
table shows, on casual <‘xamination, little that would lead one to 
believe that the periodic grouping h(‘ars any significant relation to 
the more technically important physical and nieehanical pro|H‘r- 
ties. But by separating subgroups A and H uf main groups 
I to VII, inclusive, as is done (aftru* Guert ier-I>eitg(*hel) in Fig. 2, 
one gets a quite satisfactory {*lassifi{‘at ion of t h<* metallic (‘kuneJits 
into similar property groups; at the saim* time, the signifi(*ant 
periodic feature of Mcuuhdec^ff’s original classification is, in cfTeru , 
retained. 

This modification of tin* periodic table gives fivt* general infUal 
groups of somewhat similar prop(*rt if*s. I'hese arf* as follows: 

a. The light metals Li. }U\ Sn. Mjc. Al. Se K. 

(Ai, S«*. 

h. The heavy, brittle iu(‘tai.s of high melting {Muat 'Ti, W C‘r. Mil. Zr. Ntf 

c. The heavy, ductile of high melting point F<', Co. .Ni. <*u. Mo, Mn. 

Km Hh. Pd. Ag, Iff. T,'i. 

\V, Re. Os, Ir, Pf, An. 

Th. Pu, r, 

d. The heavy metals of low melting point ...... . Zn, (Ir, < le. Ah. CM. hi, 

Hn, 8b. iig. Th Pb. Ik, 

Ih). 
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Fig, 2.— Periodic system of the elements. (Guertler-Leitgehel.) 
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e. The strong, electropositive metals Rh, Sr, Cs, Ba, Ra, Ac, 

and the Rare Eartlis- 

Including the rare earths, there are seventy odd elements that 
may be properly considered metallic; somewhat over orie^-half of 
these have, at present, no industrial importance, i.e., they are 
not used either as metals or in the alloyed condition. Thos<^ 
metals of any industrial importance — a matter of some thirty- ^ 
include: beryllium, magnesium, aluminum, silicon, and calciiim, 
all of Group a; titanium, vanadium, chromium, manganese, 
and zirconium, of Group b; iron, nickel, cobalt, copper, 
molybdenum, palladium, silver, tantalum, tungsten, platinum, 
gold, and uranium, of Group c; and zinc, arsenic, cadmium, 
tin, antimony, 'mercury, lead, and bismuth, of Group d. No 
Group e metals are included. 

Of the above metals, about ten are of the greatest usefuln<*ss 
in the arts and industries. These are aluminum of Group a; 
iron, nickel, copper, gold, and silver of Group c; and zinc, tin, 
and lead of Group d. The remaining score or so metals arc* used 
in limited quantities only, principally as minor constituentH in 
alloys. 

One may well wonder what has determined this (‘hoice— why 
it is that so few metals, relatively, have been singh*d out for 
preferment. A first consideration, obviously, is the matter of 
natural occurrence. Many of the metals — tlie rare (*artlis, for 
example — are exceedingly rare. Otlnu-s are k\ss so, jH tlio 
limited amounts available would preclud(* th<*m from any ext(Ui~ 
sive use. On the other hand, there are a number of metallic 
elements of very limited practical application whose* natural 
occurrence is widespread and considerable. Silicon is oiu*. 
Over one-quarter of the earth's crust is this eleirumt; yet, as 
everyone knows, silicon is not a widely used rn(*tal. Tlu* refrac- 
tory character of its principal mineral, the oxidf*, SiO-j, pn^sents 
considerable but not insurmountable difficulties in its r(*duction. 
But the real reason for the relative unimportance of silicon us an 
industrial metal is its want of well-developed servie(‘ahi(‘ pr<:q>- 
erties. It is not a particularly strong metal; and it is not plastic 
or tough. Lacking any considerable ductility or malleability, 
it cannot be readily fabricated. Moreover, it is not an especially 
good conductor of heat or electricity. What is true of silicon 
holds, to a greater or lesser degree, for about 20 other mf‘tals. 
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All lack, in some large measure, some or all of the important 
property requirements demanded by most industrial and engineer- 
ing uses and applications. As indicated previously, these metals 
find their principal use in alloys, where as a minor constituent 
they confer specific rather than general properties on the alloy. 

In Chap. I, mention was made of certain metallic properties 
of a greater or lesser significance in determining what a metal is. 
We shall now discuss properties somewhat more comprehensively, 
and from a more practical point of view. The properties of a 
metal, we find, may be classified, as to origin, into three groups: 

a. Atomic Properties. — This group of properties is accounted for by differ- 
ence in individual atoms with respect to volume, valence, etc. 

h. Structure Properties. — Properties of this group are determined by the 
way the atoms are put together. The difference between allotropic forms 
of the same element, e.g., iron, is a structure property; the way metals 
respond to deformation stresses is another. 

c. Granular Properties. — These properties are determined by a still larger 
unit of organization, viz., by the way the several crystalline grains go together 
to form the mass. Those mechanical properties of a metal which are 
influenced by grain size, orientation of the grains, etc., belong here. 

Several individual properties of the metals which are of partic- 
ular scientific and practical interest will now be discussed; the 
first of these is crystallinity. 

Crystallinity. — Of considerable scientific interest, and of 
greatest technical importance, is the fact that the metals are 
crystalline in their nature. This fact results from the circum- 
stance that when a metal passes from the liquid to the solid 
state, or when it freezes — as we ordinarily say — it forms crystals. 
Thus it is that any particular piece of ordinary solid metal is a 
crystalline aggregate, a mass of a great many small crystals 
tightly bound together. 

The external appearance of a well-formed crystal is familiar 
enough. Its most patent feature is its geometrical shape which 
is defined by more or less perfectly formed faces (facets), inter- 
secting at precise angles. Though most in evidence, this assump- 
tion of a geometrical form is, in fact, not the essential quality of 
crystallinity; with a crystal, as with much else of the physical 
universe, one must look below the surface of things to find the 
essence. Actually, the distinctive and peculiar property of 
crystalline matter is a regularity and order of atomic spacing; 
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the atoms of a crystal an‘ arra.n^(‘d in a i>(M*lVctiy fashion 

and according to a si>(‘cific design, and it is this intf'rnal archi- 
tecture — the space lattice— \\A\\cAi distiiiguish(\s, in a fundanamtal 
manner, crystalline from rigid, noncrystalline bodies, as, for 
example, glassd This definite spacing and regular arrangement 
of the constituent atoms of a crystal explain the unique proper- 
ties of a crystal, including its optical and X ray diffraction preqx^r- 
ties, its anisotropism, its peculiar manner of plastic flow, and- 
whenever in evidence — its regular external form. 

Rarely, however, does a metal crystal (as indeed doc\s that of 
any rock mineral) have the opportunity to d(‘velop an outward 
form in conformity with an internal symmetrical spacing of 1hr‘ 
atoms. The usual conditions und(‘r whicli a crystal forms, f.e., 
from a melt where many other crystals ar(‘ growing, .simulta- 
neously and comi)etitiveIy, prevent it. It.s final sluipc is more 
often determined by its abutting neighbors than by it.s (nvu 
crystallizing habit. Crystals lacking a regular crystal form liy 
reason of circumstances of l>irth and growth ar<‘ called nlloiri<H 
morphic crystals; those forming undcu* les.s ii.sual, l>ut more fav«)r- 
able conditions, and where development of a r(*gular f^xti^rnal 
form becomes possible, are designated iditmuyrphic iTy.stal.s. 
Most metals are made up wliolly of (crystals of the form<*r \’arie!y, 
for only very rarely do<\s solidification (of imdal meltsj ]>ermit 
anything like idiomorphic crystals to form. Like* mu.seum speci- 
mens of the rock minerals, idiornorj)hi(* nK‘tal crystal.s arc of 
interest largely becau.se of theur rarity. 

It cannot be too strongly emphasized, h<>w(*ver, that allot rio- 
morphism is imposed from without, that it is an entin^Iy exopat hie 
condition — as one would .say, if a cry.stal were a living organism. 
On first thought, one might supposes that the (*xt.{Tnal imj)erfe<*t- 
ness’^ of an allotriomorphic crystal results from soim* misc.arriage 
of the crystallizing i)roc(».s.s, but this is not sf), for, for all tlicir 
formless exteriority, allotriomorphic cry.staLs arf* none thf* less 
crystalline. The failure to develop an outward form in accord-, 
ance with an internal pattern vitiates, in no one* (‘s.sfuitial partic- 

^ Substances lacking a regularity in at.ornif .arrangfiiicnt, thus 
properties are nondirectional, arc called isotropic Hubstunccs. All gascH. 
all liquids, and such rigid materials a.s glass or wax are examples, Cr>>ta}» 
line solids are anisotropic; a definite arrangement of the atoms an a iattica 
introduces the possibility of dirfa-tional properties. 
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ular, the fundamental character of a crystal. In structure, in 
properties — indeed, in all features save a supervenient form — 
they differ in no way from their more favored idiomorphic 
brethren. 

Solidification (crystallization) involves a significant energy 
change. As is well known, in all liquids, including the molten 
metals, the molecules (or atoms) occupy no fixed positions rela- 
tive to one another; all are free to move in much the same way 
as the molecules of a gas, with, of course, comparatively shorter 
^^mean free paths.” This restriction is due to the relatively 
greater attraction between the molecules of a liquid than of a 
gas; thus, liquids are more viscous than gases. But like gases, 
liquids are isotropic substances. 



Fig. 3. — Cooling curve of (1) isotropic substance, and of (2) a crystalline solid 

(metal) . 

When some liquids, as, for example, fused glass or melted wax, 
are slowly cooled, they change imperceptibly from a liquid of low 
viscosity to one which is extremely high, z.e,, they congeal or 
^‘set”; they do not really solidify or freeze in the correct meaning 
of these terms. Thus, glass or wax, at ordinary temperatures, 
while rigid enough, are in reality not solids at all ; they are merely 
extremely viscous, undercooled liquids. And being liquids, they 
are isotropic. 

If we should determine the time-temperature curve of the 
cooling of either of these two substances, by merely noting 
while the substance cools, its temperature at the end of equal 
time periods, we would get a curve that would look something 
like the first curve in Fig. 3. This, as one can see, is a perfectly 
smooth and regular curve, showing nothing that w^ould indicate 
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nonuniformities in the cooling rate. It is true that the curve* 
^‘flattens out’^ as cooling proceeds, but this is obviously due to a 
slower rate of heat transfer from the substance to its environriKud. 
as its temperature more nearly approaches that of tlu? latter. 
Quite plainly, the curve represents the cooling of a niat(*rial 
whose cooling process involves nothing more or less than a sim|>i<^ 
loss of heat energy. 

But the behavior of most liquids (molten metals and allo^^s, 
fused salts, water, etc.), when cooling down to a t(‘nip(‘ra1 un* 
where they become solid, is a different story. Those licjuids 
actually freeze when they reach a certain toinperature, z'./-., th(*y 
become crystallized solids at their freezing i)oints. Above* tlndr 
freezing points they are liquids; below, th(*y an* solids, and (hu' 
pure substances) the liquid-solid change is suddem and sharj), not 
gradual and imperceptible. Microscopical and X ray (*xann na- 
tion of the resulting solid would show that it is crystalline* in 
character, an aggregate of many anisotropic! crystals. It is, of a 
truth, a solid, not merely a rigid body that has hveonw ho l)y 
reason of an extremely high viscosity. 

Moreover, a comparison of the cooling curves (No. 1 of Fig. 3 
with No. 2 of that figure) of the two suhstanc(*s re\'(‘als that sonni 
difference, of a fundamental thermopliysical natun*, (*.xisfH 
between the process of solidification by crystallization and fla* 
formation of a pseudo-solid by th(! unchucooling of a ii<|uid. 
Differing from the No. 1 curve, tliere are three* portions to curve 
No. 2. At temperature t, the fre(!zing l>f>int, there is a diseon- 
tinuity in the latter curve, whereas the* form(*r curv<‘ is fjtntf* 
regular in contour. The uppeu part of curve? No. 2, a-b, repre^sentH 
the cooling of the molten sul)stance (say, a medal) down to fn*e‘z- 
ing; strictly speaking, it is the? only portion of this curve* that is 
comparable to curve No, 1. The portion c~d rf*])re*.se‘nt.s t lie 
ing of the solid metal down to room te‘mj)eratiirf‘s, and h r, the* 
horizontal portion of the curve, repn?s(*iits the time inff*rvai 
during which freezing occurs. During this tiine*, tin* atoms of 
the melt are changing from a condition of hajdiazard iiK>fion to 
one wherein they take up definite and fixed i)ositions, forming the 
so-called space lattice of the solid metal. Tho atoms of t he* liquid 
state, because of their motion, jxxssess a certain kinetic energy, 
and in assuming fiixed positions in a Iatti(‘f*, this cnf‘rgy is dis- 
sipated; thus, as is well known, the condition of the solifi state 
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is one of less internal energy than the liquid state, and solidifica- 
tion becomes an exothermic process. The difierence in the 
energy content of the atoms of the liquid state and that of the 
atoms of the solid state is the latent heat of fusion; it is a definite 
calorific quantity for a unit mass of any substance. If freezing 
is an exothermic process, then the reverse process, melting, is 
endothermic, and the energy (heat) input required to melt a given 
mass of a substance, as a metal for example, is exactly that 
released at the time of solidification. This is the explanation 
why there is no fall in temperature during the actual solidifica- 
tion, why the h~c portion of curve No. 2 is horizontal, Le., parallel 
to the time axis. 

On the basis of axial relationships, crystallographers distinguish 
six distinct crystal types. ^ Only three of these are of any interest 
metallographically, but to show wherein these three differ from 
the rest, all six are listed with their defining attributes. These 
are, as follows: 

,/I. Cubic, or Isometric: The three axes (of reference) are of equal length, 
and are at right angles to one another. 

• II. Tetragonal: Two axes only are of equal length, but all three axes are 
at right angles to one another. 

III. Monoclinic: All three axes are of unequal length, and only two are at 
right angles to one another. 

IV. Rhombic: All three axes are of unequal length, but all are at right 
angles to one another. 

V. Triclinic: All three axes are unequal, and oblique. 

VI. Hexagonal: There are three axes in a plane intersecting at angles of 
60 deg., and a fourth axis through the intersection, perpendicular to the 
plane. 

The three groups of the foregoing classification that hold 
interest for us are the cubic, the tetragonal, and the hexagonal. 
Fortunately — for purposes of study — most of the important 
metals belong to the simplest of these, i.e., the cubic, only a few 
metals, as zinc, magnesium, and cadmium, belong to the hexago- 
nal, and only one industrial metal, tin, belongs to the tetragonal. 

The cubic system, defined by the possession of three equilength 
axes at right angles to one another, actually permits of two 
external forms, the simple cube, a six-sided figure, and the octa- 
hedron, an eight-sided figure (see Figs. 4 and 5). In this system, 

^ A seventh (trigonal or rhombohedral) type is sometimes included, but 
is now more generally considered a subtype under the hexagonal. 
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tlie ‘^structunil unit,” iiuiy bn lliougiit of us u nulH*, tin* tuiif, 
cube, so-called, the simplest cus(‘ being one with (‘ight atoms, oih‘ 
at each of its eight corners, as shown in Fig, 9rt. Tlie iudefinitf? 
repetition of this structural unit in s|>ace givfss us the 
space lattice of the crystal. A photogra|)h of a (‘rystal 
model of rock salt (sodium chloride), showing thf‘ unifonuly 
spaced arrangement of the constitiKuit atoms according to a 
simple cubic pattern, is shown in Figs. 6 and 7. A careful exam- 
ination of the solid model, made at various positions relative to 
the observer, would disclose scv(‘ral interesting facts e<mcerning 
the relationships of the symmetrically arrang(‘d atoms that ar(‘ 
less easily ascertained ])y looking at the photograt)hs. In tlie 
first place, one discovers that th(‘re are thre<* principal <Ureetions, 
or planes, in whicli the atoms arrange* t h(‘rns(‘l\"(*s. These are 
(1) parallel to the cube faces, as in Fig. 6, or a of h’ig. 8; (2) iiaralhd 



to the face diagonal of th(‘ cube, as in Fig. 7, or b tif Fig. 8; and 
(3) parallel to th(? cula* diagonal, tin* r of Fig. 8. In t he first case, 
the atomic planes cut one* axis (thr* a' a.xis), and an* jiarallel to tlie 
other two axes, (see a of Fig. 8). For reasons of simplii*iiy, let 
us think of one cube unit alone, and we sliuli suppose that the 
plane intercepts the x axis a unit <iistance from tin* origin (see 
Fig. 8). The intercept on the x axis is thus unity, wiiereas the 
plane, being parallc*! to the other two axes, iiifereepts each of 
them at infinite distance (ease a of Fig. 8i. Thv intercepts of 
this family of planes beeome.s the*!! 1 for the ,r axis anri x for the 
othei two axes, Flowever, the* notat ion u.sc'd by crv-'^tallograpfiers 
to describe planes in terms <A the axes of reference employs thf* 
reciprocals of the intercepts (the Miller indices, so-called], and 
not the intercepts themseiv(*s. For tin* family of plan(‘s in qu(*s- 
tion the indices arel, 0, and 0, lor t he* :r, ?/, and z axes, respeetivi*! v. 
The particular plane, and the family of planes to whieh it l>e|ongs^ 
are designated the (lOO) and the {lOOl plan(*s rcspcf* lively. 
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Fig* 6. — Photograph of crystal model, illustrating a simple cubic lattice struc- 
ture. (Sodium chloride lattice type.) 



Fig. 7. — Another view of the crystal model of a simple cubic lattice. “Look- 
ing down” the {110| family of planes. Note the relationship between the 
cubic and the hexagonal lattice types that is shown in this view of the model. 
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In a like manner of reasoning, the plaiu! parallel io the face 
diagonal is designated the (110) plane, since its axial interce])ts 
are unity on the x and y axes, and infinity on the z axis. Also, 
the planes parallel to the cube diagonal iK-conie the {111! family 
of planes, since the intercepts on all axc‘s are at unit distance 
from the origin. 



<01 > <b> <c> 

Fig. K.'—Xotution of atfunic 

Another observation that one nnikcns from stmly the soliii 
model is that the interplauar distanres of tlu‘se three families of 
planes differ. The distance b(»t\vceu thf^ {KMH pianos is hccoh- 
sarily unity, since it corn\sjK>nds to tin* huiglh fpjininietcr) r>f the 
edge of the unit cube. From the geometry of the euhfs if is 
further evident^ that the distane(‘ h(‘t\v<*(*n the jlH)! |iiaiies is 
l/\/2? ^f^d that betw(*(‘n tin* {111} planes it is I , \/3. 'Fhis 
matter of intcrplanur distanc(‘ is of considerable importaiHM* in 
the physics of metal crystals. H(*ferenc<‘ will be mad(‘ to it on 
another occasion. 

A third discovery n*garding atom relationships in tin* solid 
model is that the nurnher of atoms \un' unit area (tin* so-(rallf*d 
density of atomic poxniiation) <iiff(*rs witli the plane fantih’ t )ne 
finds that the density of population is greatest in that family 
which has the greatest inter|)ianar distancf*. One fiials aiM> 
that the three families of plan(*s inentioniai do not f^xhau.*'! fhe 
possibilities, indeed that f‘V(*n these may possf*ss somewhat difTm’- 
ent designations. P^or example, thf*re an* t hn*e planes of t In* eube 
that bear the generic {lOO} label, the 100, the 010, and the 001 ; 
there are six 110 planes, and eight 111 jdanes per unit cube. 

^ More simply, by .sub.stitation in the foriniil't. d ^ 

\ fr^ ^ /;- r I- 

where a is the length of the cube edge; //, /;, and I ;tr«* the iutereept'^ on 
y, and z. 
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And, finally, one notes that while each cube unit has ostensibly 
eight atoms, actually each one of these atoms is shared with seven 
other abutting cubes so that, in reality, an individual unit can 
lay claim only to one-eighth of each atom, or one atom in all. 

This really simple kind of cubic lattice is, however, not assumed 
by any of the cubic metals. The metal '^cube^’ is of a somewhat 
more intricate design; in fact, there are two types of cubic struc- 
ture found among the metals, both of which depart somewhat 
from the simple cube as described above. The one of these is a 
nine-atom unit cube, with one atom at the corners of the cube, as 
in the simple case, and a ninth atom at the geometrical center of 
the cube. This particular type of cubic architecture is known as 
the body-centered cubic and is illustrated in 6 of Fig, 9. The 





&ooly-Cen+ereol 

Cubic 

Fig. 9. — Types of cubic lattices. 


Face ” Centered 
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ordinary form of iron, the low-temperature modification, or 
alpha iron, and most of the brittle, high-melting point metals 
(see Fig. 2) are body-centered cubic. 

In the body-ceirtered cube, the corner atoms are, of course, 
shared with neighboring cubes, the center atom is not shared; 
thus, there are two atoms that belong exclusively to each indi- 
vidual cube unit. Of interest also is the fact that the center atom 
is included on the (110) and the (111) planes, but not the (100) 
plane. 

The second type of the modified simple cube as found in the 
metals has 14 atoms per unit cell distributed as follows: one, as 
before, at each of the eight corners of the cube, and one at the 
center of each of the six faces. This particular arrangement 
constitutes the face-centered cubic lattice, shown in c of Fig. 9. 
Most of our important industrial metals — the really ductile 
metals — possess this type of lattice ; copper, lead, aluminum, and 
the noble metals are examples. Iron, between 900° and 1410°C., 
is another. The six face atoms are shared by the six abutting 
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cubes, one-half atom to each cube. This gives thre(‘ he-e atoms, 
and (8 X \'£) one corner atom, or lotu* in all, per unit eiilH*. 

Besides the particular type of cubic spacing, tnie ot her element 
is needed to describe fully the lattice {*haracterisl ics of a metal 
(or any) crystal, viz.y the lengtli ot tin* ctihe edgr*, or ihc* disiancf* 
between the corner atoms. This dis{am*e is (allied tla* lattice 
parameter and can be readily measurc‘d by X ray diffraction 
methods, specifically by determining the intcrjilauar distaiu'e 
of the {100} family of planes. Th(‘ parameter (the n of i hf* crystal 
physicist, expressed in Angstrom units, or XA) of tlie more com- 
mon metals is given in Ta!>k‘ 1 . 


Table 1 . — Lattice Stri'ctckk ani> C<»nsta\t.-> or' Home .Mktai*" 


Mental 

Latti<M* st riuUuri' 

Param- 
eter, A. 

Axial 
rat io 

CoDoer 

Fa('< wen f ared euLie I 

1 

3 , no 


a-Iron 

1 Bodv-(M*ntered 


7-Iron 

Face-ef‘nt(‘red <'uLie 



Lead 

Faef*-(a*ntere«I eubie 

1 04 


Gold 

F{i(*<*-c‘( ‘life red 

1 OH 


Silver. 

Fiiee-eenf(‘re»l <-iiLir 

4 tts 


Nickel 

1 Faee-(M‘iitered eiihie 

:t r>4 


Zinc 

1 Hexagonal 

2 iu 

2 Cm 

Tin 

Body-(*eii1eri*<i tet 
ragonni 

5 K* 

I S2 


:i 17 

Tin has been cited a; 

s tin* sol(‘ f*xaniple 

of a common nnual 

which, at ordinary t(*mp(‘rat un^s, exists witli 

a teiragon.'tl lafticr*; 


to^e more exact tin has a hody-ceiitenai tetragonal lattice. A 
tetragonal lattice may most simply he considered a caibie lailiee 
that has been elongated (or compn\ss(*d j along one axial dinaUion. 
Thus, two dimensions an^ ruKa^ssary ta fleserilie t lie lattief* dimme 
sional attributes fully. Th(* length of the two ef|uai dimen>iims 
is designated by the usual a, that of tin* unecjual one },y r'. Ha- 
axial ratio, c/a, has eonsidcrabh* crystallographic signifieanco, 
A sketch of the body-centered tetragonal latticf* is givmi in n at 
Fig. 10. 

The third crystal systcun of inetailographic interest the 
hexagonal system shown in h of Fig. 10; this sy.-tein consbt-, as 

^ An Angstrom — 10““ crii. 
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we reinemljer, of three equal axes in a 

another, and a fourth axis at right angles ’\o at the 

tri-axiai intersection. The fourth axis may, or - 

same length as the axes of the triplicate set. The dength-'of ‘ 
the basal axes is designated by the letter a, and the fourth axis by 



Fig. 10.- "(a) Body-centered tetragonal lattice, and (5) close-packed hexagonal 

lattice. 




Fig. 10c. Fig. 10c2. 

Fig. 10c. — Diffraction pattern of polycrystalline copper. 

Fig. lOcZ.- -Diffraction pattern of a single crystal of copper. {Photo by 
Greninger.) 



Fig. 10c. — Diffraction pattern of the very pure iron whose photomicrograph 
is given in Fig. 39a. This photogram was made with the apparatus shown in 
Fig. 10/. {Photogj'aph hy Eppelsheimer.) 


the letter c ; as in the tetragonal system, the axial ratio has impor- 
tant crystallographic significance. The fundamental lattice of zinc 
is hexagonal, but it is of a special type. As a reference to Fig. 10& 
shows, the unit hexagonal prism may be divided into six equal 
triangular prisms. The specific lattice of zinc (and of other of 
the hexagonal metals) has an atom at each triangular prism corner 
and also one at alternate prism centers^ This particular type of 
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lattice is known as the hexagonal close-packed, and with the face- 
centered cubic with which it is closely allied, this method ot 
arrangement of the atoms shares the distinction of closest packing 
of the atoms. 

As stated earlier (page 4), the atomic ^^strata'^ in a crystal 
are of the proper interplanar distance to cause the crystal to ach 
as a diffraction grating for radiation of wave lengths correspond- 
ing to those possessed by the X rays. One kind of diffracdioii 



Fig. 10/. — Shearer X ray tube, and Sachs back-refieetion ciamera. The film of 
Fig. lOe was taken on this apparatus. A, X ray tube; /i, specimen hf4(i<*r; (\ 
film holder. {Harvard Graduate School of Engineering.) 

pattern (the Lane or pinhole pattern) made by the '‘refh‘ct i<m 
of an X ray beam from the atomic i)lanes of eop]K‘r is sh<nvn in 
Figs. 10c and lOd. Other similar photographs an* giv(*n in 
Chap. VII. Another type of X ray diffraction |)liotf>graph 
is given in Fig. lOe, while the apparatus responsible is tliat shf)wn 
in Fig. 10/. 

The lattice characteristics of metal crystals are affeete<I i>y 
alloying (see Figs. 47 and 48), by deformation, and by other 
treatments. Of these various effects, something will lie said from 
time to time, as occasion arises. Suffice it to mention now what 
has earlier been intimated, viz., that appanmtly tin* type of lat tic-e 
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is of some moment in determining the plastic properties of a 
crystal, for a reference to Fig. 2 will reveal that the most ductile 
metals are, in general, those possessing a face-centered cubic 
lattice. This particular variety of cubic architecture is, seem- 
ingly, the one which, under stress, permits of most plastic flow 
before rupture. 

Polymorphism (Allotropy). — Some of the chemical elements, 
including at least two metals (iron and tin) , can exist in more than 
one crystalline form; this property is called polymorphy, or 
allotropy. The temperature determines which of two or more 
polymorphs of an allotropic element shall stably exist. Over 
one range of temperature, one crystallographic form of the ele- 
ment is stable. At higher or lower temperatures, another form 
becomes the stable phase. With the changes in crystal form and 
lattice come changes in properties. The different allotropic forms 
of iron are given in Table 2. Included also are some of the 
principal properties of the various modifications. The poly- 
morphism of iron is of the greatest technical importance, for the 
structure of many steels and the modification of that structure 
by heat-treatment depend on the fact that iron can exist in more 
than one form of differing properties. 

Table 2. — The Allotropic Modifications of Iron and Their 
Properties 


Name 

Stable tern- 
temperature 
range, ° 0 . 

Lattice 

type 

Magnetic 

properties 

Carbon 
solubility, 
per cent 

o'-Iron 

Up to 904 

B.C.C. 

Ferromagnetic up to 
778°C; paramagne- 
tic above 778°C. 

Max. sol. about 
0.03 

'y-Iron 

904-1410 

F.C.C. 

Paramagnetic. 

Max. sol. 1.7 

5-Iron 

1410 to melt- 
ing point 

B.C.C. 

Paramagnetic. 

Max. sol. about 
0.38 


The temperature and the velocity of allotropic transformations 
are, in many cases, considerably influenced by the presence of a 
second element; the effect of alloying on the temperature of the 
allotropic change will be discussed in Chap. IV. 

Polymorphic changes are, of course, phase changes; they are 
comparable to the liquid solid change occurring at the melting 
point. There is the usual energy change which is revealed as an 
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irregularity or "'break’’ in the otherwLse sinootlily eoihoured 
cooling (or heating) curve. However, the energy chtingf* in voh f‘d 
in allotropy is commonly of somewhat less niagnitudc* than that- 
occurring at the melting point, but it is in tin* sanif* dina-t ion. 
As one might expect from the rigidity of tin* solid metal, phasf^ 
changes in the solid state are more sluggisii than those taking 
place at the melting point. Hence, undercooling and hysteresis 
effects, producing meta-stable striietunss, are common eon- 
comitants of phase changes in the solid state*. 

Mechanical Properties. — We now turn to a group of proper! i{‘.s 
which make their possessons— tlu^ metals and fli(*ir alloVv*^ the 
most important class, by far, of all engin(‘en!!ig materials. Hinc^j 
the industrially important meehanicai prop{‘rt i(‘s are, in gtamral, 
better developed in the alloys, the mon* (*onipn‘heiisive treat ineiit 
of these properties is found in a late*!* (*hapt(‘r. Hen* we sluill 
limit ourselves to a half dozen or so of tin* more .scrvie<‘able, 
metallic properties such as hardness, niallc*a,l)iiity and (iuetiiity, 
density, etc. Of each of these, some mention has alremiy lK‘<‘n 
made, and each has been defiiK‘d. 

Strength. — One may fairly pr(‘sian(* that stn*ngtli is the most 
useful engineering property of the m(‘tals. The term itself is a 
comprehensive one and usually n‘cpiires a limiting adject ivr* to 
insure a specific meaning. Obviously, tensile strength, emn- 
pressive strength, torsional str(*ngth, (‘te., are* in{’iude<l within 
the meaning of the term, hut one could also, with propriety, 
designate the elastic limit, tin* yield-point streaigth, ami hardness 
as strength projKirties. They arc such, (‘ssmjt ially and pra<*t ically. 

The strength of a ijolyeryst-ailinc m(*tal originates tripart itfdy, 
— it is, in part, an atomic, a structural, and a granular cfTf'ct. 
Accordingly, the strength of a metal is partly intrinsic hut is 
influenced, to a greater or lessc‘r degree, }}y the metall<»graphic 
structure of the metal, f.e., by th<i size and shape of the cun- 
stituent crystalline grains, by tin? physical condition (whether 
cast, annealed, cold-worked, etc.), hy the tcunperat urf% and hy 
the presence of impurities inadvf*rtently pn‘sent ar piu’posely 
added. A typical effect of cold d(*foriiiation on strength is shown 
in Fig. 11, that of temperatun* iri Fig. 12, and that of the |>rc*sf*n('e 
of a second metal in Fig. 13. 

Hardness. — The hardness of tin* common metals varies con- 
siderably, but none is v(‘ry hard as measured by thf* stmni;ird 
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vset by soni(‘ of ilicir alloya. Where extreme hardness is a 
requisite i)roj)erty, it is an alloy and not a particular metal that 



Fi<3. 11. — Effect of cold deformation (rolling) on the hardness and tensile strength 
of a pure metal (nickel) . 



Fig. 12. — Effect of temperature on the strength of cold-worked and annealed 

aluminum metal. 



Fig. 13. — Effect of alloying on the strength of a metal; the addition of small 
amounts of manganese to pure nickel. 

is used. There are a number of methods employed to determine 
relative metallic hardness. The one most widely used is the 
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^^resistance-to-penetration method/’ Most simply, this in(‘thod 
is to cause, by a definite loading, an extremely iiard body, of 
given size and shape, to penetrate the metal whose hardness is 
to be evaluated; then to measure the diameter or depth of the 
impression. Plastic flow is obviously involved in this test, so 
that the determination of the hardness of the really brittle metals 
is beset with some difficulties, since it produces results of some 
uncertainty. 

Hardness, like its coproperty, strength, is considerably aff<*ctr‘d 
by the grain size, by cold deformation, by the presence of impuri- 
ties (see Fig. 11). It is, perhaps, the mechanical prop(u1y most 
subject to change by man’s device; certainly in the steels, and 
only to a lesser degree in other age-hardenable alloys, it is flu* 
one most amenable to heat-treatment. 

The hardness property has various implications; for <*xam{>Ie, 
hard metals and alloys — in common with hard nonnudallicH 
possess a high resistance to abrasion. This is, in r(*ality, anothe*r 
aspect of the hardness property — scratch hardness. Sucli metals, 
in an alloyed condition usually, find use in machine |)arts (<!arns, 
gears, etc.) that move in juxtaposition with like mcKdianisms, a ml 
in countless other devices and applianc(‘s in the uscMjf which w(»ar 
resistance is an important consideration. 

Hard substances have ordinarily low eoeffi<;ients of frictifjn. 
This explains why most bearing (antifriciion) alloys possess one 
or more hard constituents, usually distributed through a softer, 
plastic matrix. 

Ductility, Malleability, Toughness. — Tiu^se thnn* r(‘lat{‘d 
plastic-strength properties are shared unecpially by th(‘ so-callf‘d 
ductile metals. In Table 3 are given 10 of these medals arrangf^d 
in order of decreasing ductility and malk'ability. 

Examination of Table 3 reveals the following: 

a. Gold and silver are the most malleable and (inetile of all rnefals. 
(Gold, the more malleable, can be hainmercjd into l(‘af of O.fKKITKlS.'i in. in 
thickness; silver can be hammered into sheet of 0.(X>01 in, in t hickness l 

h. Of the ten metals, seven are face-centered cubic; tin, alone, is tetra- 
gonal; only zinc is hexagonal and only iron is V)ody-ccuiter{‘d cubic. Tie* four 
most ductile and the three most malleable metals are all facc-centered cubic. 

c. Tin is fifth and lead seventh in the order of malleability, whereas they 
drop to the ninth and tenth place in the ductility column. Both art* plastic 
enough, but neither is especially tenacious, so not partieularily ductile. 

d. Iron is ninth in order of malleability, indicating a not partic-ularly high 
elasticity of its body-centered cubic lattice. It is in fourth position in the 
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ductility column, which would tend to show that high tensile strength is an 
important factor in the ductility property. 


Table 3 


No. 

Malleability 

Ductility 

1 

Gold 

Gold 

2 

Silver 

Silver 

3 

Copper 

Platinum 

4 

Aluminum 

Iron 

5 

Tin 

Nickel 

6 

Platinum 

Copper 

7 

Lead 

Aluminum 

8 

Zinc 

Zinc 

9 

Iron 

Tin 

10 

Nickel 

Lead 


Malleability and ductility are affected by changes in chemical 
composition; in general, impurities impair this property though 
not always. Impairment is especially marked if the injurious 
element is itself brittle and tends to locate in the intercrystalline 
areas (grain boundaries) of the metal. Probably the best 
example of this type of intercrystalline brittleness is shown by 
copper containing very small amounts of the very brittle metal- 
loid, bismuth. This element, because it is practically insoluble 
in solid copper (though soluble enough in liquid copper) precipi- 
tates on solidification, and the precipitated metalloid forms thin 
films around the copper grains. This network destroys the 
continuity of the matrix, and makes the metal, as a whole, 
exceedingly brittle; this is true despite the fact that the indi- 
vidual units of the complex — the copper crystalline grains — 
are very ductile and tough. The deleterious effect on the 
ductility of copper of really extremely small quantities of bismuth 
becomes apparent when one finds, as one authority (Hof man) 
reports, that 0.00005 per cent bismuth makes copper unfit for 
wire drawing. 

Malleability (and ductility), in most instances, is affected by 
temperature. Generally plasticity increases with temperature, 
while the strength drops off. At elevated temperature, rupture 
occurs usually through want of coherence and not because of any 
lack of plasticity. Ail metals will imperceptibly ^^flow,'^ even 
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under moderate loads, at sufficiently high teniix‘ratun*s. This 
is what is called ''creep,” and creep resistance is an iiK*n>asingly 
important engineering property of metals and alloys. 

Most metals {e.g., zinc) have temperature ranges in which 
they become relatively nonmalleable, i.e.^ they are ‘'short.” 
If the nonmalleable range is around ordinary temperatures, 
the metal is said to be " cold-short.” If at elevated tfunperatures, 
it is "hot-short.” 

Toughness is a property allied to ductility and inail(‘ability, 
and like them it is not a simple property but one with plasticity 
and strength components. Toughness is the antitlussis of 
brittleness. Tough metals possess the property of resisting 
impact or sudden shock; i.e.y they have the ability to distrihutci 
and equalize instantaneously the strain induced by a suddfmly 
applied load. The brittle metals {e.g., antimony) lack this 
capacity, and a sudden impact causes them to shatter. 

Temperature has some effect on toughness; at very low temper- 
atures — e.g.f that of liquid air — most tough metals bf*come brittle. 
But at other temperatures, also, toughness may be n*dueed to a 
very low value. Copper just under its melting point and 
"pure” iron at temperatures around 200*^ to 2d()®(’. (bhn*-h(*at 
brittleness) are examples of brittleness in otherwisr* tough 
metals. 

Cold deformation of most metals has an <‘mbritUing 
and in any fabrication process involving considi*rabh‘ working of 
the metal, periodic annealing is required to re.st(?n» tin* normal 
toughness lest the metal rupture with further d(*format ion. 

Density. — The density — mass per unit voluiru^'- of tin* rnefalH 
is usually high; at least, this is the ease* for the common metals. 
Of all metals, lithium has the lowe.st density and osmium the 
highest. The densities of some of the more* important metals, 
and — ^as a matter of interest — those of lithium and osmium, 
are given in Table 4. 

The density of a metal is influenced somc'what by the preseiiee 
of a second element, but unless there is considerablf* difTerenec* 
in the densities of the two, the effect is small, at least until 
relatively large amounts of the second elerncmt or inf*tal are 
present. The effect of alloying on density is not always an 

1 There is no cold-working effect if the temperature of recryntallixation is 
close to room temperatures. 
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additive quantity but may be greater than that called for by 
the simple rule of mixtures. The effect of alloying on density 
is, of course, of most practical interest in the case of the light- 
metal alloys, as the aluminum alloys. 

Table 4 


Density, gin. per 
cubic centimeter 

Lithium 0 . 534 

Osmium 22.48 

Magnesium 1.74 

Beryllium . 1.85 

Aluminum 2.70 

Zinc 7.14 

Tin 7.30 

Iron 7.88 

Nickel 8.90 

Copper 8.93 

Silver , 10.53 

Lead , 11.34 

Gold 19.32 


Cold working also changes (decreases) the density slightly. 

The density of all the metals, save bismuth, is less in the 
liquid than in the solid state. Hence, metals are more volu- 
minous in the liquid than in the solid condition, and shrinkage 
occurs on solidification. This decreased volume change on 
freezing has many practical implications. For example, it is 
the cause of shrinkage cavities, or ‘'pipes'' in ingots; it has to 
be taken into account in the design of molds in foundry work; 
and in many cases, as in type founding where sharp impressions 
are necessary, the choice of an alloy will, in part, be determined 
by its shrinkage characteristics. 

Corrodibility. — The metals occur in nature uncommonly as 
native metals, most often as definite chemical combinations 
with other elements. These naturally occurring compounds 
(minerals) are, for the most part, oxides, sulphides, carbonates, 
hydrated compounds, etc., or in short, associations with those 
elements whose occurrence is most common and whose active 
participation in mineral genesis is most general. The meaning 
of this is clear enough — the metals are chemically active sub- 
stances, i.e., they may be readily oxidized, sulphurized, or other- 
wise acted upon by most of the common nonmetallic elements. 
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One could hardly expect, then, that a metal reduced from oiu* of 
these compounds would be wholly indifferent if 8ul>s(‘Ciuentiy 
exposed, under favorable conditions, to the same natural agencif‘.s 
as, for example, air containing, in addition to its own active^ 
oxygen, such extraneous gases as carbon dioxide^, wal(‘r \'apor, 
and sulphur gases. 

The chemical attack on the metals by natural or artificial 
corrodents is known generally as corrosion, with specifu* instanc(‘s 
of the phenomenon having such names as rusting and tarnishing. 
If we accept the electrolytic theory of corrosion as suljstantially 
the correct explanation of the phenormuion, w(* would ex]Ka*t, 
on theoretical grounds alone, that a pun* metal would lx* nK)r(* 
corrosion-resistant than an impure one, for local diffenmees in 
chemical composition, howevc^r small, might instigate* galvanic 
action. And in particular cases, and und<*r certain condition.s, 
this seems to be true. But whether th(* conchision holds 
ally one cannot be so certain, for it cannot lx* t‘xi)criincntally 
proved as we still lack really chemically pun* inc‘(uls. 

With respect to corrosion, the noble m(‘tals gold, t he platinum 
metals, and to a less degree, silv(*r — an* in a (*lass by t hcinsclvcs. 
They are comparatively chemically inert to all <*f)nimon cor- 
rodents; only silver is appreciably attack(‘d l)y sulphur ga.s(*s. 
Of the industrial metals, nickel, tin, and (*hroinium, pcrliaps, 
show best all-round corrosion-resistant propf‘rtics. 

Besides the natural, iMlK*rent susc(‘ptibility of tiu* luptal to 
chemical attack, the nature* and chara<*tf*r of the corrosion 
product often determine th(i extent and raft* of the attac-k. 
Whether or not this product is solubh* in tia* (‘orroding medium, 
whether it forms an adherent film ov(*r th<* metal surface, or 
clings loosely thereto, and its relationship, elect roehcmieally, 
to the metal — all are factors of some* consccpiencf* in tin* corrosion 
process. Moreover, changes (in cornposit i<ui, t cmpcTaturc; in 
the corrodent, occurring with time, may alt(*r the charactf*i\ and 
thus the duration, of the attaek. C4)rrosion is, tints, no simph* 
process; so many varialtles are coneerned in most corrosion 
systems that it is next to impo.s.siljlc to anticipaU*, c*x<‘ept urnier 
definite and specified conditions, the* corrosion })ehavi<u* of a 
metal when exposed to a certain corrod(*nt. 

Alloys — f.c., those ''impure” metals wlmse departun* from 
purity is purposeful and con.sidc‘ra}>lc may, or may tiof, i>e 



THE METALS AND THEIR PROPERTIES 


39 


more corrosion-resistant than the major constituent metaL 
In certain alloys, the age-hardening alloys, for example, a finely 
dispersed phase exists throughout the matrix. This structural 
complex, because of its very heterogeneity, is especially con- 
ducive to corrosion. Also, in some of these and in other alloys, 
the separating phase tends to segregate locally in grain-boundary 
areas. This particular kind of segregation gives rise, in many 
instances, to a peculiarly pernicious form of local attack, the 
so-called inter crystalline type of corrosion. 

On the other hand, there are alloys — as, for example, the 
^'stainless steels’’ — which possess superior noncorrosion prop- 
erties. Their extraordinary corrosion resistance is usually 
explained on the assumption that, at the outset of the attack, 
they form a thin but resistant, highly impervious, and self- 
perpetuating film which protects the metal surface from further 
attack. 

Corrodibility is affected by temperature, for corrosive attack, 
like other chemical reactions, is more active and energetic at the 
higher temperatures. Deformation also increases the suscepti- 
bility to corrosion. In a metal where local deformation has 
occurred or where, with general deformation, a strain gradient 
exists, the strained areas are usually anodic to the less straine d 
ones. Corrosion is usually accelerated by such circumstances. 

Many metallic alloys are, under certain conditions, suscepti- 
ble to particular and unusual forms of corrosion. For example, 
corrosion may attack preferentially one constituent of a duplex 
alloy, leaving the other practically intact. Such an attack 
leaves the alloy more or less ^^honeycombed” and, of course, 
worthless. Again, the insidious ^^season-cracking” prevalent 
in other alloys is another form of corrosion. 

Destruction and injury of metal structures and vessels by one 
or more of the various forms of corrosion constitute one of the 
world’s most serious economic losses, running into unknown 
millions of dollars yearly. It is the result, in no small measure, 
of the circumstance that iron, the most important metal, is, at 
the same time, one of the most easily corrodible. There is, how- 
ever, one very, very small item on the other side of the ledger. 
Some of the tarnishes — the patinas — have some decorative and 
aesthetic value. This is particularly true of copper and some of 
its alloys. This metal and many of its alloyed forms weather in 
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a beautiful manner. They b(‘Com(‘ covered with a eorrosifjii 
product (patina or stain) which is not only higldy i)rotfH*tive hut 
which, with its suggestion of mellow ag(‘, distinct ly (mhances th(‘ 
natural beauty of the original rnotal surfacf*. 

Electrical and Thermal Conductivities.- -Thv sp(‘f‘ifi(‘ resist- 
ances of some of the principal mtd.als art* givt^u in Tal)lt^ 5. 
Included also, for comparison purposes, an* tliose of two of tin* 
border-line metals, antimony and silicon. Kvidently, with 

Table 5. — The Specific Resistance W , in oHM-f?KNTiMKTHHs, at 20 C., 
and the Temperature Cokffkhent of Resistani’E 

t ITioo — li (I I 

w,' fm J’ 

between 0 AND IOO°C. OF Some of the More Common Metals 
{After Humr-kotherif) ^ 




Copper. . . 

Silver 

Gold 

Aluminum 

Iron 

Nickel. . . . 
Zinc 

Antimony . 
Silicon . . . . 


* See p. 42. 

respect to this property, silvc*!* and c<)ppf*r arc metals rpiitc 
alone. 2 For economic reasons, coijpt*!' is, of course, fh(* in(*tal 
that is used for commercial conduction purposes. Indeed, abotit 
one-half of all copper produc(*d is used by tin* elf*etrical industry, 
principally in the form of win*. Aluminum, too, luis In-en us(‘d 
in recent years for this same purpose. On a weight hasi.<, alumi- 
num is actually superior to c*opp(*r as a eonduetor. An intere.st- 
ing comparison of the conductivities of these two metals is givf‘n 
in Table 6. 

1 From W- H i im c- Roth cry ’.s “The MctMlIir State/’ Oxfonl I'nivf'mity 
Press, by permission of the publishers. 

2 The honor of highest atomic comiuct ivity (C N ) i.s, however, shared 
with the monovalent (alkali) rnelal.s. 


Sp<*eifi<* 

r(*.si.staiic<‘ 


lenu>erature 
(*oeliiei{‘nt 
of re.si.starice 


i 1 . 09 X 

IP r, 

429 

X 

10 

! I . 02 X 

IQ r. 

410 

X 

10 

1 2.4 X 


4(K) 

X 

10 

! 2.02 X 

10 ' 

407 

X 

10 

; 10. 0 X 

IQ f, 

057 

X 

m 

I 0.9 X 

10 « i 

t)34 

X 

10 

j 0.0 X 

lO-'*' 

4 Pi 

X 

10 

X 

i 

10 '• 

511 

X 

10 

S5.0 X 

10 »• 


* 
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Table 6. — The Resistivity of Copper Versus That op Aluminum 
For hard-drawn conductors of equal resistance 


Ratios 

Aluminum 

Copper 

Ratio of diameter 

1.28 

1.00 

Ratio of cross section 

1.64 

1.00 

Ratio of weight 

0.50 

1.00 



The conductivity of a metal is affected by the chemical com- 
position, 2 - 6 -, by the presence of impurities; by its physical condi- 
tion (as cold-worked, annealed, 
etc.), by the temperature, 
and (little) by pressure. The 
magnitude of the composition 
effect depends largely on the 
precise manner of alloying. If 
the added metal (or impurity) 
is soluble in the principal metal, 
the impairment in conductivity 
is much more marked than if 
the two form a simple mixture. 

In Fig. 14a are shown the effects 
of some impurities on the con- 
ductivity of copper and the 
difference in alloying state on 
conductivity is evident, (e.g., 
oxygen is practically insoluble 
in solid copper, and. its delete- 
rious effect on conductivity is 
small compared with that of 
the soluble phosphorus, arsenic, aluminum, etc.). 

The effect of temperature is generally to increase the electrical 
resistance. The change in resistance per degree change in tem- 
perature is called the temperature coefficient of resistance. The 
metals, as a rule, have a higher value for this property than do 
many of their alloys. Indeed, in some solid solution alloys, the 
temperature coefficient is so low as to insure for these alloys 
(within temperature limits) a resistance which is quite inde- 
pendent of temperature. The temperature coefficients of resist- 
ance of a few common metals are given in Table 5. If the 



0 ' - Q2 

Impurity Content, Per Cent 

Fig. 14a. — Effect of impurities on tho 
conductivity of copper. {After Addicks.) 
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Specific resistance were 
temperature, the value of 


exactly pro|>ortional to the ahsolutt? 

/ 1 W loii — W' n\ ,,.,.,,1^1 Vw. 1 

Wo * 100 J ' or 


about 0.0037, but the experimentally determined values an> 
nearly always larger than this as the data in Tabh‘ 5 sliow. Boiiu^ 
of the metals (of Groups IV, V, and VI) behave* a})norinaIly as 
regards temperature coefficient; for example, they may show a 



Fig. 146. — Microetriicture of a typiriil solid solufion alloy, alpha solutioii of 

zinc in copper, containing 30 per cent zinc. (Photograph by Rvtd.) 


negative coefficient over one temperatun* rangf*, and a normal 
positive one over another (higher) range, Silicon is one of such, 
titanium is another. 

. The effect of stress on eloctrical conductivity, if the rc‘sulting 
strain is within the elastic range, is to decn*asf* slightly th<* con- 
ductivity in the din^ction of th<* applunl stress, and to give vari- 
able but always smaller chang(*s in a dirf‘(*ti(Hi normal to .st ress 
direction. When the elastic limit is exc(‘(*d(*d and permanent 
set occurs, an increase in resistance up to about 8 to ID per cent . 
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occurs. The normal conductivity of the metal, in the latter 
instance, is restored by annealing. 

At temperatures approaching zero absolute, some of the metals 
lose practically all of their resistance. This is the curious 
phenomenon of su'praconductimty . An electric current started 
(induced) in a ring of such a metal in its supraconductivity 
range goes on for months or even years. The temperatures 
where lead, tin, and tantalum become supraconductors are, 
respectively, 7.2° abs., 3.75° abs., and 4.5° abs. 

As previously indicated, the metals are excellent conductors 
of heat- The specific thermal conductivity K is the amount of 
heat which passes across a unit area in unit time under a unit 
temperature gradient. Silver is commonly taken as the standard 
with an assigned value of unity for its conductivity. The relative 
values of K for some of the other metals are shown in Table 7. 

Table 7. — The Specific Thermal Conductivity K , and the Wiedemann- 
Franz Ratio {Z) for Some of the Common Metals 
{After Hume-RotheryT 


Metal 

K 

Z(X 10) 

Silver 

1.000 

152 

Copper 

0.926 

150 

Goid 

0.71 

160 

Aluminum 

0.485 

136 

Iron 

0.147 

194 

Lead 

0.083 

165 

Bismuth 

0.02 

214 



As in electrical conductivity, silver, copper, and gold are the 
best conductors of heat. Copper (or one of its alloys) is the 
material of which heat-transfer devices of high efficiency are 
usually made. One might suspect that some definite relation 
exists between electrical and thermal conductivity since the 
metals povssessing a high degree of the one commonly possess a 
high degree of the other. The Wiedemann-Franz' ratio (Z of 
Table 7) states this relationship. This ratio, K/C, or Z, is 
nearly a constant for the true metals. However, it is not a 
fundamental quantity since it is not independent of temperature. 
This fact is due to the circumstance that while the electrical 
conductivity is influenced by temperature, the thermal conduc- 
^ From W. Hume-Rothery’s '‘The Metallic State," Oxford University 
Press, by permission of the publishers. 
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tivity is not. In other words, there is a temperature eoefficicuit 
of electrical resistance, but there is no corresponding t(‘mp<Tature 
coefficient of thermal resistance. 

The Property of Alloying. — All subsequcuit (^lia|)tc‘r8 will l)e 
concerned with one or another aspect of this important^ physico- 
chemical property, and in this chapter’s concluding .s(*ction, w(> 
shall limit ourselves to one or two geiHTal dcffining stat cumuds. 

As chemical elements possessing vakuicf^ the metals coni})ine 
chemically with the nonmetals to form definite polar (‘{>mj>ound8. 
These compounds are among the most common of sui)stane(‘s, as 
— to mention but one— sodium chloride. ^But in addition 
to actual chemical union, the metals possess the property 
of interfusion, or of alloying, with one anothf^r to form nndai- 
lie admixtures, or alloys, in which the intt‘nncdalline intimacy 
may vary anywhere from the simpl(^ contiguous n^utionslii]) of 
the components of a mechanical mixture to the truly involv<‘d 
interconnection of a polar coinjKnmdJy Moreover, this wcdl- 
developed miscegenetic property of th(‘ imdiiLs is not vxprvmtHl 
exclusively with comembers of the group, for tin* metals <*an, and 
frequently do, alloy with c<‘rtain of the non metals. One may, 
therefore, define an alloy as an association of some intimiic^y, of 
two or more metals, or of oiui or more medals with one or more 
nonmetals, j 

That the metals do form solid alloys of some structural coni- 
plexity and intimacy origiiiat<‘s in ilw happy circum.staiH‘£* that, 
the metals all but univ(*rsally are inutiiaiiy soluble at tempc'ra- 
tures where they are molten and that th(‘ close f'omriiutuai con- 
tact that liquid solubility implies profoundly afTetds tlie riiunner 
of the freezing process and, in turn, dettu'mines tii£> aetual 
physicochemical relationships of the metids in, ami the jiliysic-al 
distribution of the constitiKuits of, th(» solid alloy. By rf‘ason 
of the varied physicochemieai ndationships (solid sohdifin, inter- 
metallic compound, etc.) possilde, ami b£‘cau.se tin* distribution 
of the phases is variable, inherently original prop(*rties of the* 
parent metals become modifi(»d and so!nelinH‘s altogethr^r n(‘w, 
and quite unexpected ones are cremated. The seiem^e of mf*tal~ 
lography, or physical rmdallurgy, d(‘ais with thf* study of the 
internal (gross and fine) structure of llte solid alloy, with tint 
practical purpose of explaining properties on \lw basis of strur*- 
tural relationships. 



CHAPTER III 


THE EQUILIBRIUM DIAGRAM : I. THE LIQUID SOLID 

CHANGE 

Much, if not all, of the purely factual material of the preceding 
two chapters was, in intent, simply preliminary and preparatory 
to the principal matter in hand, viz., the discussion of the metal- 
lography of the metallic alloys. It seems reasonable to assume, 
as has been done here, that a fair notion of the essential nature 
of a metal, and some knowledge of its fundamental properties 
should precede any study of the constitution and properties of 
its more complex alloyed forms. 

At the outset, because of the obvious advantage of simplicity, 
we shall confine our discussion to binary alloys, that is to say, to 
alloys containing two metals only; the matter of ternary alloys 
will be considered briefly later. 

It is true, almost without exception, that when one molten 
metal is added to another, at least in proportions that are not 
too large, the two will dissolve completely in each other to form 
a single melt. This melt has the chemical and physical homo- 
geneity of a true liquid solution which, in fact, it is. But alloys 
are not used in the molten state. For reasons that are perfectly 
obvious, serviceable alloys must be solid. It is, therefore, the 
condition of the component metals in the solid alloyed state 
that is of practical interest. Since it is not unreasonable to 
believe that whatever be the precise manner of the freezing 
process, it will inevitably go a long way toward giving the solid 
alloy its metallographic character, and in shaping its general and 
specific properties, one may ask: What happens to the essentially 
perfect intersolubility of the liquid state when a binary melt is 
cooled to temperatures where solidification occurs? As a matter 
of fact, this question permits of a number of possible answers. In 
the first place, freezing may not alter, in any essential respect, the 
mutual solubility prevailing in the liquid state; the alloy after 
solidification would still be a solution— a solid solution—which 
differs, in no whit, from any solution except that it is solid. 

45 
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ISTow, solid comiscibility, in all proportions, may result on 
solidification of binary melts wherein complete reciprocal liquid 
solubility existed. Whenever this is so— arid not infrequently 
it is — -one has a case of complete solid solubility, that is to say, a 
mutual miscibility in the solid state that ranges from IDO jim* 
cent of one metal to 100 per cent of the other. The more usual 
case, however, is one of partial solid solubility, evmi where 
complete liquid solubility may have prcnuiilcHi; in othtn* words, 
the metals have a limited solid solubility for oiw anof her. Whi‘n‘ 
the actual composition of the alloy (‘xeeeds tin* soluiiility limit 
of one solid metal in the other, a new plmm or const it ucnit 
appears on freezing. From this circumstance arisc^s the duph^x 
structure of many alloys. 

The second possibility that may occur on tlu^ freezing of a 
homogeneous alloy melt is the practically coiapicdf* <iest ruction of 
intersolubility. By such a solidification procedure, one geds an 
alloy which is nothing more or less than a mechanical mixture* of 
the two pure component metals, though one must hastc^n to a<i<i 
that it is such a mixture of a rather special type and kind. And 
finally, we may have definite chemical compounds (int ernH»taliie 
compounds) forming on freezing, and thesf*, in turn, may act in 
much the same ways as a metal would, f.c., may (*xhi!>it 
varying degrees of intersolubility with tlu* pure mentals or show 
no solubility at all. 

A further complicating factor of structural inf‘tallography is 
the circumstance that the particular phasf* forming at the tim<* 
of solidification, especially if it is a solid Koluti<m, <*annot ix* 
insured of remaining intact till room t<‘mp(*ratureH are reached. 
In the case of many solid solutions of limited .solulniity, there* Is 
the commonly occurring decrease in solubility with fall in tem- 
perature, with the rejected phase (solutf*) pre{*ipitat ing m from 
any supersaturated solution. Als(>, from one causf* or anotlier, 
a solid phase, which is appanmtly stable* (*nougb at the timr*, 
and the temperature of formation may lat(*r, at a lower t(*in- 
perature, change completely or in x)art to an aggrf*gat(* stnndurf* 
of two phases. Thus, possible change.s are not nf>ccssarily 
exhausted when freezing is complete, for more* or less n*volut ion- 
ary changes may occur th(ireaft(*r. ind<*(*d, tlie fact that these 
later changes do take place constitutes ora* of tin* most important 
matters with which metallographic science? has to deal. 



THE EQUILIBRIUM DIAGRAM 


47 


The specific answer to our earlier question — as to many others 
of like nature that one may ask of any particular alloy system — 
may perhaps be most readily ascertained by studying the 
so-called equilibrium diagram}- of the system in question. The 
simplest form of this equilibrium diagram (for a binary system) 
is a two-dimensional graph {i.e., temperature vs. composition) 
which shows for any composition of a series the experimentally 
determined temperatures, or range of temperatures, at which 
changes occur, or perhaps more accurately, the particular phases, 
with their chemical compositions, that coexist in equilibrium, at 
any temperature, including — ^when this can be ascertained — room 
temperatures. The several points, lines, and field boundaries 
of the diagram are determined and located by various experi- 
mental methods — thermal analysis, microscopic and X ray 
examination, electrical conductivity, dilatometric measurements, 
etc. — but for the general layout of the diagram the first-named 
method has usually been employed. The other methods supply 
additional, more specific, or confirmatory information necessary 
for a full, correctly detailed picture of any series. These methods 
have proved of especial worth in the study of the changes that 
take place in the solid state since these are prone to occur in a 
somewhat less straightforward manner than those incident to 
freezing. 

The number of possible binary alloys is obviously large, even 
if we limit ourselves to the 30 or so rather common metals, plus 
a half a dozen alloy-forming nonmetals. Since the specific 
equilibrium relations existent in a particular series are peculiar 
to the series, each of the binary systems possible among the 
common alloying elements has its own distinctive equilibrium 
diagram. Thus the number of individual equilibrium diagrams 
is correspondingly large. But, fortunately, one discovers that 
strict individuality in diagrams is, in many cases, quite super- 
ficial, for in many fundamental ways they possess rather striking 
similarities. This happy circumstance makes the fact of mere 
numbers less disturbing, for classification of all 'diagrams, on the 
basis of certain common features, into a relatively few type 
diagrams becomes possible. 

A logical classification can be made on the basis of the extent 
of intersolubility at the beginning of solidification and that 

^ Also called the phase or constitution diagram. 
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existing at the end. In accordance with that schenns thc^ binary 
alloys fall into five principal groups, two of which, however, anj 
further divisible into subgroups, yet giving in all hut eight distinct 
classes or general series of alloys. Eacli of these eight nuiiu or 
subgroups can be represented by a typ(‘ e(|uili}>ritun diagram, 
a thorough understanding of the fundanumtals of \vhi(*li facilhat(‘s 
the interpretation of the commonly more iiivoIv(*d and detailed 
diagrams of actual, flesh-and-blood alloy systcnns. It may l>e 
stated here that perhaps no one thing has eontri})utf^d rnon^ to 
our knowledge of metallography than havc‘ the <;arcdul and 
accurate determination of equilibrium phase reactions of alloy 
systems, and the recording of these data in (‘quilibriurn diagrams, 
and also that there is nothing quite so irnj>Drtant to th<j ))(‘ginn(T 
in the study of metallography as the ability to g<‘t at the full 
meaning of these diagrams, including the prc^dse^ siguific-aiict' of 
each constructional detail, for, unless oih^ doc*s (‘arly accjuin* a 
certain mastery of the graphic method of a|>proach to the |)robk‘m 
of heterogeneous equilibrium as it ap})li(*s to alloy Hysttniis, h(; 
can hope to make little satisfactory progress in the sci<‘ii<?e* 

On the basis mentioned in the preceding paragraph, tin* classes 
of typical binary alloys, with the specific defining characder of 
each, are as follows d 

/ I. Alloys whoso two component metals exhibit onlimitefi int<‘rsoIulhlity 
in both the liquid and solid states. 

II. Alloys whose two component metals (‘xhibit tmliiiut{*d iijtersoiubilit y 
in the liquid state, but show a limited intersoluhility in the HoIi<i state, and 
the curves of primary solidification intersifct at a tnmimwm tin* cuUctic 
point. 

The three subgroups of incomplete solid solubility nmy hf* de.serihefl hh 
showing ; 

a. No solid mte^solubiIity^ 

b. A partial solid intersoluhility. 

c. The formation of actual intennetnUi<’ coinpf>undH, wbieh are 
either wholly insoluble in one. or both of the two nn-tnls, or 
partially soluble in one or b<>1 h. 

III. Alloys whose two component mfdal.s exhibit unlimitetl intersolubilif y 
in the liquid state, a partial solubility in the solid states anti tin* curves td 
primary solidification intersect at a transition point wlntdi eorresjKmdH to 
the temperature of the peritectic reaction. 

^The author is indebted Dr. Samuel Hoyt f'* Prin<uj>leH of Metal- 
lography,'’ Vol. 1} for this simple yet inclusive modification f>f Iio<iz<d>ooin’s 
classification (Zeitsck. physikal Ohem., 30: 384, 413, 1899). 
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The two subgroups are determined as to whether the product of this 
peritectic reaction is 

а, A solid solution; or 

б. An intermetallic compound- 

IV. Alloys whose two component metals exhibit limited intersolubility 
in both the liquid and the solid states. 

V. Alloys whose two component metals exhibit no intersolubiHty in 
either the liquid or solid state. 

The above bare, defining statements of the several alloy groups 
introduce ideas and terms whose meanings will become clear in 
the course of the discussion that follows. 

Group I. Alloys Whose Two Component Metals Exhibit 
Unlimited Intersolubility in Both the Liquid and Solid States- — 



Composi+ion-Wgi-. Per Cent *► 

Fig. 15. — Equilibrium diagram of metals M and iV, which exhibit unlimited 
solubility in each other in both the liquid and solid states. 

We have here, perhaps, the simplest case, and one that is not 
infrequent among the binary alloys. Let us restate: We have 
two metals that are soluble in each other, in all proportions, in 
both the liquid and solid states. Above the melting point, the 
two metals form a homogeneous liquid solution, below they form 
a like solution, but solid, of course. The equilibrium diagram 
of an alloy of this group is given in Fig. 15. 

We shall take a perfectly general case — two metals which we 
shall call M and N, the former with a melting point of tu, and 
the latter with a somewhat lower melting point, In the 
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equilibrium diagram (Fig. 15) points along the horizon tai axis 
represent compositions in weight per cent,* at the extnum* left is 
100 per cent of metal M, and of course, 0 pov cent of metal N, 
At the other end of the diagram is 100 per cent of metal N and 
0 per cent of M. Distances along the composition axis (MN) 
give the composition, in per cent of either metal, of any alloy. 
The vertical axis represents temperature. 

The upper cunm (tMaegtw), connecting the melting points of 
the two metals, marks the beginning of freezing (or th{‘ end of 
melting) of the alloys of the series. Above it, all alloys are 
molten, and for this reason it is called the liquidm, Tlie lower 
curve {tMfdcU) marks the end of freezing (or the heginning of 
melting) of the alloys of the series. Below it, ail (compositions 
are solid, and it has the nam(i solidus. Tho fiedd ineluded within 
the liquidus and solidus boimdari(‘s (designated II) is a two- 
phase field, a heterogeneous fi(dd. Any alloy within it is partly 
liquid and partly solid. The field abov(‘ th(‘ licpudus (designated 
I) and that below the solidus (d(?signat(Ml III) an; each singh?- 
phase fields, alloys in the former consisting of a hoinogeiH^ous 
melt and those in the latter (under eciuilibrium conditions*) 
of a homogeneous solid solution. 

From* what little has been said, one miglit infcT at l(‘aHt one 
fundamental difference betweem tlu; fre(;zing, or nudfing, of a 
solid-st)lution alloy and the^sirnilar occurrences in a pun^ medal. 

I This rather obvious difference is that whc‘n‘as a nud.al iindts and 
freezes at a single, definite temperature^, an alloy fre(*zc‘s and 
melts over a range of temp(‘rature. In other words, there is 
no change in temperature of the system whiU* a pure metal fr(M*z(*s 
(or melts), while in an alloy the temp(‘rature {;ontinues to drop 
whilst solidification is going on, or continues to ris(‘ \vh(*n fu.sion 
is taking place. An examination of the above (‘(juilibrium 
diagram should make this diff(‘rence ch*ar. Mtdal M freezes 
(or melts) at temperature Im, a definite^ point on 11 h* t <*mperature 
axis; the same thing holds trin? for metal Nj witli its single, 
definite freezing point iy. An alloy of {;om posit ir>n (.r”.r'j, of 
somewhat less than 50 per cent of metal N —to tukf* a general 
case — begins freezing at temperature 4, and ondn at tiunperatun* 
4- Freezing, then, takes place over a temperature raiig(* of some 

^ It must be remembered that the etiui librium diugrain, an th«- name 
would indicate, gives a true picture only when equilibrium k altaiiu-d. 
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magnitude. This is the case, also, for the reverse process of 
melting; this begins (for this particular composition) at tem- 
perature tcy and ends at temperature ta. 

The freezing-point curve (cooling curve) of the “alloy {x-x') 
is instructive. In fact it supplies the information necessary to 
locate the points ta and U, But, first, let us recall the essential 
features of the freezing-point curve of a pure metal (Fig. 3). 
This curve consists of three portions — one (a-h) which repre- 
sents the cooling of the liquid metal to freezing; a second portion 
(c-d) which represents the cooling of the solid metal to room 
temperatures ; and a third, horizontal portion (Z>-c) which 
gives the time interval during which freezing occurs. The 
freezing-point curve of either of the two metals, M and N, is 
such a curve, and the temperature of the horizontal portion in 
each instance locates tu and In, respectively, in the equilibrium 
diagram (Fig. 15). 

The freezing-point curve of the alloy {x-x') is given in 
Fig. 16. It, too, consists of three parts. The part {a-h) 
represents the cooling of the melt to the beginning of freezing; 
(c-d) represents the cooling of the solid alloy to room tem- 
peratures; and (5-c) represents the time — and temperature — 
intervals of freezing.x The specific freezing behavior of this 
alloy is as follows : When the alloy has cooled to temperature h 
{ta in Fig. 15), freezing begins with the separation of solid crystals; 
this is an exothermic process. There is, thus, a retardation in I 
the cooling rate of the alloy owing to the latent heat of fusion,] 
and this makes itself felt in the change in slope of the time- 
temperature curve at h. Quite naturally, the slope becomes 
less. The slope changes gradually, from b to c, as further separa- 
tion of solid crystalline matter leaves less and less residual melt 
to freeze. At c, where solidification is complete, the portion 
(6-c) passes rather imperceptibly into the again constant- 
sloped portion of the curve (c-d), representing the now uni- 
form cooling of the solid alloy to rpom temperatures. We see, 
then, that the freezing of a pure metal involves a time interval 
only, whereas in the freezing of a solid-solution alloy, both time 
and temperature intervals are concerned. 

The point h of the freezing-point curve of Fig. 16 becomes 
point a on the liquidus of the equilibrium diagram (Fig. 15). 
Both mark the beginning of solidification. Point c of the freez- 
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ing-point curve becomes c on the solidus of the equilibrium. 
Both indicate, on the respective curves, the end of the freezing 
process. If we take an alloy composition somewhat to the left 
of i^e.j one richer in metal M, we would get a freezing- 

point curve similar to that just described, as far as typ<‘ and 
general contour are concerned, but the temperatures of initial 
and final freezing would be a little different (somewhat higlier in 
both cases). The same kind of similarity would he tnn* for the 
freezing-point curve of a composition to the right of 
here again, any difference would be limited to tlie actual tenqx^r- 
atures involved. As a matter of fact, no two alloys of tlie s^*ri<^s 
would be exactly alike with respect to their ternpcniitun^s of 
initial and final freezing, but these diff(U’(‘nces would b(‘ eon- 



Fi«. 16 . — Freezing-point curve of alloy of composition (r-x') 

tinuous; the one s(‘t of i)oint.s, lliost* marking the bt^ginning of 
crystallization, wT>uld fall along oiu* eontimu^us eurv(‘, tht‘ 
liquidus; and the other set, thc^ final tcunpcu'ature points, would 
fall along another, the solidus curvf». 

Thus, an equilibrium diagram is most simply a composite of 
many (of all) freezing-point curves. It is a temperaf un*-compo- 
sition graph while the freezing-|)oiiit curve is a liine-temperaf un* 
curve. We have, then, in an equililtrium diagram, a i wo-dimen- 
sional graph wherein are depicted, in eff(*ct, the relations (‘xisting 
between three variables. 

In addition to the circumstance that fn*ezing and rndling in a 
solid solution alloy occur over a temperatuni range, one other 
patent fact is in evidence with respect to thi.s phase* cliange: One 
has reference to the fact that the beginnings of melting, /.c., 
the solidus temperatures, are somewhere betwf*en the inOting 
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points of the two constituent metals. The addition of metal N 
to M lowers the melting points of the resulting alloys, but not to 
the extent that any alloy has a melting point actually below that 
of the lower melting-point metal. On the other hand, if one 
wishes to consider metal N as the solvent metal and metal M as 
the additive, or solute metal, the effect of alloying is, then, to 
raise the melting point. There are many cases, as we shall 
presently see, where the depressing effect on the melting point 
is a two-sided affair, and the addition of either metal to the other 
gives an alloy whose melting point is lower than the melting 
point of either of the metals. 

To acquire speedily a working knowledge of the subject, let us 
inquire a little more fully into the precise manner of the freezing 
of a typical alloy of this series. We want to know just how a 
melt, a liquid solution, of metals M and N transforms into a 
solid solution of M and N. For this purpose, we shall again 
take the general case — the alloy (x-x ') — reference is made 
again to Fig. 15. We shall start with the alloy at temperature 
txf for at that temperature the alloy is entirely molten, and the 
two metals are in complete solution in one another. We shall 
now permit the melt to cool slowly (one insists on cooling slowly 
so as to insure equilibrium always). With fall in temperature, 
no change occurs till the liquidus is crossed, at temperature 4- 
Then the alloy begins to freeze by the separating out of a tiny 
solid crystal.^ The chemical composition of that initial crystal-^ 
line solid is not that of either of the two metals, i.e., it is neither 
the one pure metal nor the other, nor — ^what is more surprising — 
is it exactly that of the liquid alloy. If, in some ingenious way, 
this early bit of crystalline matter could be removed from the 
bath and its composition determined, it would be found to con- 
tain both metals, but it would be richer in metal M than the 
parent melt. Its exact composition can be had by physico- 
chemical methods, in this way: Draw af parallel to the composi- 
tion axis, through a; and from where af cuts the boundary of the 
heterogeneous field (the solidus, in this instance), drop a vertical 
ff to the composition axis. The composition of the initial 
separating solid is given by the distance Mf along the composi- 
tion axis, i,e.j it has a composition of Mf per cent of metal N, 

1 There are, of course, countless nuclei in the melt which act as centers 
of crystallization; we shall speak, however, as if there were one. 
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and Nf per cent of metal i¥. Since the cornpositioii of th(* 
original melt was Mx' per cent of metal A", ihi^ rww solid phasf^ 
is poorer in that metal than the in(‘It from wliifdi it, forms. This 
particular circumstance is, in reality, a g(‘iH‘rai fact, and it: gives 
us a worth-'while rule to rememb(‘r, viz.^ tin* solid i>hase separat- 
ing on freezing is always xjoorer than the melt in that iiwUil that, 
lowers the freezing point A 

The separation of the solid phase r(dativ(‘ly poor in mvial A’, 
obviously, leaves the melt proportionaicdy richer in that metal. 
As N is the depressant metal, an incn^ased concentration of A” in 
the melt requires a further lowering of tlu‘ t(*mj>(‘rat ure befon* 
any more solid will form, or in other words, befon^ freezing <‘an 
continue. This is, of course, only auotiuu* way of saying what 
we already know, mz., that an alloy freezes at an inconstant 
temperature. It suggc.ssts, furthermore, a S(a;oii(i rulc» tliat one 
may, with profit, fix in mind: when tln^ solid pliasc* (or phases) 
forming from a melt has the same composition us that (A 
melt, freezing occurs at a singk‘, invariabh* lenqH‘raturc, but if 
the composition of the precipitating phase? differs from that of the 
parent melt, the temperature of fre<*zing chang(*s (lowers) during 
solidification. 

Assume that the temp(‘rature drop sknvly somewhat Ik‘Iow 
temperature ta — let us say — to t^anperatun* //,. The ernn|)osition 
of the melt (a gradual enrichnuMit in medal A”), in the* uHamilime, 
moves right along the liquidus from a to c. At temperature th, 
the still molten portion of the partly solidiiifai alloy will have? 
the composition M(/ ])er cent of metal A’. The e(uuposition 
of the solid portion of the alloy has meanwhile moved right 
along the solidus from / to d. At the t(‘mi)erat ure 6,, the eom- 
position of the solid phase in cqinlibrinni wit h th(‘ undt. of i*omp(>- 
sition Me' per cent of N is Mdf per cent of X, Thus it is, during 
freezing, that the compositions of the residual melt and th(‘ solid 
phase continuously changf?, or to state tfie same fjud in phvsieo- 
chemical terms, for any temperature within the het<Tgeneous 
field, there is a definite equilibrium eompositiou for f‘a(‘h of the 
two coexisting phases. 

With further drop in tfunperature toward tb* solidus t(‘m- 
perature U, the composition of the? shrinking residual melt moves 
farther along the liquidus, and the last bit (jf melt to frr‘f‘Z(‘ has 

^ Not ^‘poorer in the metal of lower melting point,” an i 
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the composition represented by Mg' per cent of metal N. The 
solid with which this last bit of melt is in equilibrium has the 
composition Mx' per cent of metal N, for as temperature drops 
toward the solidus, the composition of the solid phase moves too 
toward the right along the solidus from d to c. The two extreme 
limits of composition of the solid solution are, thus, the Mf per 
cent of N of the first crystalline matter to form, and the Mg' per 
cent of JV of the final remnant of the liquid to solidify. But 
under conditions of true equilibrium, as we, all along, have 
assumed to prevail — which simply means a cooling slow enough 
to permit the necessary diffusion to take place — the composition 
of the completely solidified alloy is exactly and uniformly that of 
the original melt. That this is not always the case is a fact that 
need not concern us here. 

A summary of the above paragraphs furnishes a third rule. 
It may be stated as follows: To find the compositions of the 
phases in equilibrium at a particular temperature, draw a line 
through the temperature in question parallel to the composition 
axis, and from where this line intersects the boundaries of the 
heterogeneous field drop perpendiculars to the composition axis. 
The distances along this axis from the origin to the intersecting 
points give the compositions of the two phases. 

The components of the three fields of the diagram are : 

1. Melt. 

11. Melt solid solution. 

III. Solid solution. 

We shall close this discussion with a statement of the so-called 
‘‘lever relationship.’’ This rule indicates the relationship 
between the relative amounts of the two phases present at any 
particular temperature; it does quantitatively what the last 
stated rule does qualitatively. For the general alloy composi- 
tion (x-x')y the relative amounts of the two co-existing phases, 
at temperature th, can be expressed as: 

Wi _ ^ 

TF2 he 

where Wi and TF2 are the weights of the melt and solid alloy, 
respectively, and dh and be are the lengths of the two “lever- 
arms” comprising the distance included within the heterogeneous 
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field, along the line drawn through h, parallel to tlic composition 
axis* 

Group II. Alloys Whose Two Component Metals Exhibit 
Unlimited Intersolubility in the Liquid State but Show a Limited 
Intersolubility in the Solid State, and the Curves of Primary 
Solidification Intersect at a Minimum — the Eutectic Point. — 

This general statement tells us that we are dealing with two 
metals that are completely soluI)I(‘ in the liciuid state, hut are 
only incompletely so after solidification. There is the* ci(‘scriptive 
addendum that the liquidus passes through a ininiinuni, the 


Fig. 



X7. — ^Equilibrium diagram of metals M and A’, M'hirh (*xhil>it nniiniited 
liquid solubility and complata soliri insuinhility. 


eutectic point. This incoinpkd(*n(‘ss in solid solubility may 
mean no solubility at all (case a), or it may iiK^an, as is rnon^ 
often the case, that some actual solid solubility exists (case b). 
Then, again, intermetallic c(>ni}>ounds may form on solidific^ation, 
and these, in turn, may sliow sonn? or no solubility in tin* two 
solid metals. This last possibility accounts for the third cjisc* 
under Group II. We havti, therefore, not one Vnit three different 
diagrams to discuss here. 

Case a. No Solid I nter solubility d — ^The (uiuilil)riuiu tliagram 
of this first subgroup is given in Fig. 17. We shall take, as in the 


^ On theoretical grounds, objection may h(» mad(t to this case of th<* 
classification. It is truc^ that no metal freezes from an allf>y melt al)so!uteIy 
uncontaminated by the other metal (or mtitals). There is always soiin* 
solid solubility. But for pedagogical reasons, if for no oIIkt, the ti/pe aH<?y 
should be properly included in thc^ discussion. 
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previous instance, the two hypothetical metals M (m.p. = 
and N (m.p. = The liquidus tM-e-t.y is Y-shaped, with 
the minimum point at e. This point corresponds, to Me^ per 
cent of metal N, and to a temperature te. The point e is the 
eutectic^ point, mention of which has already been made. The 
alloy of eutectic composition (that is. Me' per cent of metal Y, 
and Ne' per cent of metal M) is the lowest melting-point alloy 
in the whole series; it is, also, the only alloy in the series — the 
pure metals excepted — ^which freezes and melts at a single 
temperature. 

The solidus is the horizontal teetei. Its hdrizontality indicates 
that the temperature of the end of freezing is quite independent of 
composition. Not so, however, is tjae beginning of this phase 
change, for the addition of either metal to the other lowers the 
temperature of incipient freezing. All alloy compositions above 
the liquidus (field I) are liquid, and all below the solidus hori- 
zontal (field IV) are solid. In the heterogeneous field — now 
dividec^ into two parts — solid and melt coexist. 

As was done in the case of complete solid solubility, we will 
follow the progress of solidification of one or more typical com- 
positions. One such is (x-x'). This alloy contains less of 
metal N than the eutectic composition. From the point of view 
of this particular metal, an alloy whose composition lies to the 
left of the ' eutectic, as does (x-x'), is a hypo-eutectic alloy. 
At the temperature tx, the alloy is completely molten, for we are 
above the liquidus. On slowly cooling, no observable change 
occurs till the liquidus temperature 4 is reached ; then solidifica- 
tion begins — the first bit of crystalline matter forms. The chemi- 
cal composition of this initial solid phase can be determined by 
applying the rule previously learned, i.e.j by drawing line at a 
through point a of the liquidus, parallel to the composition axis; 
and dropping from the point of its intercept with the heterogene- 
ous field boundary (in this case, the vertical temperature axis), a 
normal to the composition axis. This last line is, of course, the 
temperature coordinate of the diagram. This gives us, as the 
composition of the new solid phase, 100 per cent of metal ill, and 
0 per cent of metal Y. In other words, the first-forming crystals 
are crystals of pure ill. Of course, this is what should have been 
expected, for complete solid insolubility means obviously that 

1 From the Greek, evTrjKros; easily melted. 
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the crystals that separate do so in the pure, un contaminated 
condition. 

The separation by freezing of pure M leaves the melt pro- 
portionately richer in the second metal — metal N, and conse- 
quently some slight lowering of the temperatiin^ below L must 
precede further freezing, for here, as in the previous alloy, the 
composition of the separating phase differs from that of th(‘ 
parent melt; thus, the freezing temperature is not a constant 
quantity. Continued cooling down to the solidus, to tem- 
perature te, results in further separation of metal AI, tlu^ composi- 
tion of the melt moves meanwhile toward the point c, along 
At the temperature the solid phase (metal M) is in equilibrium 
with the residual melt of eutectic composition {Ne' p<*r cent of ii/), 
or from the equilibrium point of view of the relations of the* two 
phases, the melt of eutectic composition is saiumtrrlj at tf*inj)era- 
ture tej with metal MA Any furtlu^r lowering of the* t(unp(‘ratunj 
will result, necessarily, in the crystallization of mon^ solid A/. 
However, we shall leave further consideration of this alh^y for a 
moment — we must remember that it is still only partly froz(m --“to 
observe the freezing behavior of a companion alloy, but oiu* whose 
composition places it to the right of i\m eut(‘ctic composition, a 
hypereutectic alloy, one relatively rich in imdal N. 

To this end, we shall take again a g(‘n(U’al cascq c.f/., tlie alloy 
of (y-y') composition. Cooling from a t(‘m|>(U‘atun* when‘ 
the alloy is completely molten, to the licjiiidus tempfu’utun^ 6,, 
the melt will suffer no change. B\it, as soon as the latter t(*m- 
perature is passed, solidification begins with th(‘ fn‘ezing out of 
pure N crystals (crystals of N, and not bf A/, ]>e(*ausc‘ W(‘ an* now 
dealing with an alloy richer in metal .V than is the eut(‘(*tic com- 
position). As the temperatuni contimuss to drop toward the 
solidus, crystals of N continue to separate* out, and th(^ com- 
position of the melt, becoming proportionat(‘ly ri(*h(*r in in(‘ta} A/, 
moves along Uhe. By the time tiui falling t<‘mperature has 
reached the eutectic temperature t.j the composition of th<* resid- 
ual melt has become of eutectic composition; it now contains 
Me' per cent of N. The melt of this composition, at this teni- 

^ The liquidus may he rejziarded all along as a soluhility lim*. Tims, not 
only is the eutectic composition saturated with d/, hut, all inell compositions 
to the left of the eutectic are likewise saturated, hiif of cour.^c, at other 
(higher) temperatures. 
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perature, is saturated with metal iVT, and further lowering of the 
temperature will result, of necessity, in further crystallization of 
N. But, from the discussion in the preceding paragraph, we 
have seen that the melt of this same composition {Me^ per 
cent N and Ne' per cent .M), and at this identical temperature, is 
saturated, also, with metal M] to drop the temperature lower 
would necessitate the precipitation of this metal. As a matter of . 
fact, further cooling of the alloy of eutectic composition, below : 
temperature U, will result in the simultaneous precipitation (or 
freezing) of both metals. And, this is so regardless of the direc- 
tion of approach. Whether we start with an M-rich alloy, as 
is the {x~x') alloy, or one rich in AT, as (y-y')j the last stage in 
the freezing process is the same, mz.y the freezing out of the two 
metals, side by side. Quite to be expected, the metallographic 
structure developed by this final act of solidification is a distinc- 
tive one. It is commonly called the eutectic structure and 
presents, in its most usual form, a laminated appearance (see 
Fig. 78). 

Let us now review the complete freezing procedure of these 
two representative alloys. The alloy of composition (x-x') 
begins freezing at temperature ta, by the separation of crystals 
of pure M] as the temperature falls through the heterogeneous 
field, metal M crystals continue to freeze out. In the meantime, 
the melt, growing more and more concentrated in metal A, 
changes in composition along ae. At composition e, and tem- 
perature tej the melt is saturated with metal M (as, indeed, it 
has been at all temperatures subsequently), and — because of the 
enrichment of the melt in N — it is saturated with this metal also. 
Solidification is completed with the freezing of the two metals 
simultaneously — with the formation of a eutectic. The com- 
pletely solid alloy consists of crystals of pure ikf, and a eutectic 
mixture of M and N . This eutectic mixture consists of Me' per 
cent of N, and Ne' per cent 'of M. (And, indeed, this is the case 
irrespective of the composition of the original alloy, and whether 
it is to the right or to the left of the eutectic composition.) 

The A-rich alloy, whose typical composition may be taken 
as begins freezing at 4- Crystals of pure A freeze out 

at this temperature, and continue to do so as the temperature 
drops of te. The melt, in the meantime, becomes richer in M, 
and in composition varies from h to e. At the eutectic com- 
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position, the melt is saturated with N (as, indeed, it has been at 
every other temperature from th to Q, but now, for the first time, 
it is saturated with M also. Freezing is completed with the 
concurrent deposition of the two metals, forming again the 
eutectic mixture of the same composition and type as that 
.noted above in the case of the alloy of {x-x') composition. The 
now completely solid alloy consists of crystals of pure iV, plus 
a eutectic of M and N, 



W0+. Per Cent — 

Fia. 18. — Structural (‘iornpoHition of an eiitectifcrouB series. 


We can now describe the various fi<,‘Ids of the diagram, as 
follows: 


I. Melt. 

II- Melt and solid metal M. 

III. Melt and solid metal N. 

IVa. Solid metal M and eutectic (of M and N). 

IV6. Solid metal N and eut<K;tic (of M and N). 

An alloy of exactly eutc^ctic composition (Me' per e(‘nt of A', 
and Ne' per cent of M), would obviously frf‘eze with tlH‘ formation 
of 100 per cent eutectic. There would !)e neith(‘r fn*e (pro- 
eutectic) M, nor free N present, the microstructun^ would show 
only the eutectic constituent. The two extrcmie coinposif iems 
of the series — the two pure metals — show, necessarily, no 
It is possible, therefore, to estimate quantitatively the composi- 
tion of an eutectiferous alloy from its microstrueture. An alloy 
(see Pig. 18) which shows under the microscopf* a struct un^ 
which is completely eutectic would obviously bf‘ of eutf‘etic 
composition and would have the composition of Mn^ pr^r (-(mt of 
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N and iVa' per cent of M. On the other hand, an alloy which 
has a microstructure of approximately 40 per cent of eutectic 
and 60 per cent of metal M would have the composition MV per 
cent of N and NV per cent of M. 

The melting of an alloy of a eutectiferous series, while quite 
the reverse of the foregoing, is still an interesting phenomenon. 
The slow heating of such a solid alloy [let us return to composi- 
tion (x-x^) of Fig. 17] causes no change till the eutectic tem- 
perature te is reached ; then the eutectic portion of the alloy melts 
as a unit, and at constant temperature. This portion thus melts 
much as a pure substance does, i.e., without change in tempera- 
ture of the system. When the eutectic is completely fused, the 
temperature rises (with continued heating, of course) with the 
consequent solution (melting) of pure metal M. This second 



Fig. 19. — Ideal freeziag-point curve of a typical alloy of a eutectiferous series. 

stage of the melting process continues to the liquidus tempera- 
ture, to ia, where fusion is complete. Compositions to the right 
of the eutectic, those rich in metal N, melt in the same fashion, 
there is, first, the fusion of the eutectic at constant temperature, 
followed by the melting of the pro-eutectic N with gradually 
increasing temperature to the liquidus. The melting of a 100 per 
cent eutectic alloy exhibits but one stage — a mass melting of the 
eutectic mixture at a single, constant temperature. 

The two-stage'^ freezing (or melting) of a eutectiferous alloy, 
as above described, may be further illustrated by a study of the 
freezing-point curve of such an alloy. One such (ideal) curve is 
given in Fig. 19. As is readily evident, the freezing-point curve 
of this type of alloy shows four parts. The upper portion of the 
curve {a-h) represents the normal cooling of the melt to the 
beginning of freezing. The next lower portion, of somewhat 
less slope (6-c) represents the separation (freezing) of the 
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constituent (metal) in excess of the eutectic composition, as 
for example, metal M in the alloy (x-t'), ol Fig. 17. l'‘his 
separation is, of course, exothermic in its nature*, ^vhich fact 
accounts for the change in slope at h. Tlir* part {c-d) rc^pre- 
sents the freezing of the eutectic, when both inetaLs frf‘(‘Z(i out 
(crystallize) concurrently. As the crystallizing eutf'clic is of 
the same composition as the parent mc^lt, the ])ortion of tin* curvfi 
which denotes its freezing is horizontaL During its formation, 
there is an actual halt in the cooling pro(‘ess as the (‘iKU’gy relf*as{‘(i 
by the exothermic reaction comixmsatc^s for tin* (‘n(*rgy dissipated. 
The part {d-e) represents the cooling of the solifi alloy to room 
temperatures. Its slope is somewhat diffc*rent from that, of the 
(a-b) portion, representing the cooling of the nu‘}t, siiicc the 
specific heats of the liquid and th(* solid stat(*s commonly difhu*. 

The nearer in composition the alloy is to tin* eutectic cenn- 
position, the larger is the amount of the (nit.<‘(d.ic relative to the 
excess metal there is to freeze, and th(* gr(‘at(*r is th(‘ mtignit udc* 
of the accompanying heat change involved in this stage of th(j 
freezing process. Thus, the longer will be tlic* horizontal |)ortiou 
of the curve, and the less prominent, niatively, the (b-r) por- 
tion. Also, with varying composition, the b(‘gi lining of solidifica- 
tion occurs at diff(u*(*Mt tempcu’atures; in other words, tin* ])(>int b 
varies with composition. This is not so with the* t(*mp('rat ure of 
final solidification, for the teinpen-atunj- -if not the^ length of the. 
horizontal portion (c^’d) is quite indf*p(HHl(‘nt of com|)osition. 

Case b. A Partial Solid, Soluhility— Tlio two fon‘going <*xain- 
ples of type equilibrium diagrams r(‘j)r(*s(‘nt (*xt r(*in(* (‘as{‘s e)f solid 
solubility among binary alloys. In the one of these the? first, 
example studied, viz., that of type I *wc W(*r(‘ dealing, as we 
recall, with a general cas(; of complete solid solubility, wlH*r(‘ tin* 
100 per cent mutual miscibility of the two niflals in tlu* liqui<i 
state suffers no ap])r(‘eiabl(‘ diminution during solidification, tin* 
latter process producing a solid alloy when*iii tin* two metals, as 
before freezing, are soluble in each oth(*r in all proportions, hi 
the second case, we had an instance where fr<*ezing dof*s f*iTe<*t 
this liquid intersolubility in a most thoroughgoing and d<‘\'astat- 
ing manner, effacing it so completely that thvvo results a solid 
alloy whose component metals show for each other practically 
no solubility at all. Naturally, ouo would exp(*ct to find in 
softie alloys degrees of solubility somewhen* between thesi* two 
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extremes; this is, in fact, true, and case h is typical of those cases 
of partial solid solubility. The equilibrium diagram of case h of 
Group II alloys is given in Fig. 20. 

Quite plainly, we are meeting with no entirely new diagram for 
this one resembles, in all its salient features, the diagram of the 
preceding case. Here as there, is the V-shaped liquidus, with 
the minimum occurring at the eutectic point. Here is also the 
horizontal solidus, the locus of the eutectic temperatures, but 
now extending only part way across the diagram. This failure 
of the eutectic horizontal to reach to the extreme limits of the 



Fig. 20. — Equilibrium diagram of metals M and Ns, which exhibit unlimited 
liquid solubility, and partial solid solubility, 

diagram, f.e., to the composition of the two pure metals, differen- 
tiates essentially this diagram from that of case a and indicates 
necessarily that here the pro-eutectic phase separating on cooling 
is not a pure metal as in that instance, but one metal containing 
in solution some amount of the other. In other words, the initial | 
crystallizing solid is a solid solution of limited solubility. The 1 
sloping lines, {tu-f) and {tK-g), with the eutectic horizontal 
(f-e-g), constitute the solidus of the diagram. 

To continue with our previous practice, we shall discuss 
the cooling procedure of a few representative compositions of the 
series. First, however, it might be well to put in words the 
general picture of equilibrium that the diagram gives. This we 
should be able to do without too much difficulty after our experi- 
ence with the two preceding cases. We have two metals, M and 
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N, of melting points tu and In, respectively, which dissolve com- 
pletely in each other in the liquid state but which are only 
partially soluble in each other in the solid state. The two metals, 
or more correctly, their two solid solutions, form an eutectic at 
Mg' per cent of N (Ne' per cent of M), melting at tcunperature L. 
At this temperature, metal M can dissolve Mf per cent of N, and 
metal N can dissolve Ng' per cent of M. Th(\se two amounts, 
respectively, represent the maximum equilibrium soIul>iIity, at 
any temperature, of one metal for the other in the solid state. 
One may ask: What happens when this solubility is oxe<?(Hi(‘d? 
The answer is that a new phase — the second solid solution - - puts 
in its appearance. The precisci maiiiHU' of its doing this will b(‘ 
seen in a moment when we discuss the cooling of an (‘xtra-solubil- 
ity-range composition as (p-j/). First, howevfu-, let us take a 
composition well within the solid solubility limit, as in 

the cooling of which tlu^re is no such (‘oinplicat ion. The alloy 
starts freezing at temperature the li(|uiduH tenipc^rature, and 
the first crystals deposited have the composition Ma'" piT cent 
of iV (dissolved in M). They are, thus, not pure M, but thfy 
are richer in M than the parent melt. With contiinuKl drop in 
temperature to tn", the solidus t(unp(?rattir<^, th(j composition of 
the solid moves along the .solidus from a' to a". The alloy is 
completely solidified at ta" and remains uiKfhanged on furtln^r 
cooling to room temperatures. In truth, this alloy freezes in the 
same way and with the same results as any alloy of typc^ I. A 
similar statement could be made with rc^spect to the composition 
(y-y')} the other side of the diagram, and no description of 
its freezing mechanism seems nece‘ssary. 

The alloy of composition (p-p')j one vUAier in N tlian the 
limiting solid solubility of this metal in Mj h<*gins fret^zing at 
temperature 4, wdth the separation of M-rich solid-solution 
crystals of Mb" (per cent of AO composition. As cooling proecunLs 
to temperature Cj the composition of thfi solid phase* niove*s, as 
before along the solidus from b' to fj at which conqjosition (Mf 
per cent of W), the solid phase (solutieiu) is saturated with 
The melt has meanwhile varied in compositiem along the* liquidus 
from b to e. Further cooling of this melt must restili in the 
precipitation of more M in the form of the 3f-rich solid solution. 
From what we already know about eutectic systems, we know 
that the melt of eutectic composition is saturated with thc^ otlier 



THE EQUILIBRIUM DIAGRAM 


65 


solid phase, too, that is to say, with N. Any cooling below te, 
will result in this metahs separation, but because at the eutectic 
temperature, metal N can dissolve Ng' per cent of ilf , N does not 
freeze out as pure iV', but as an A-rich solid solution, contain- 
ing, as a maximum, Ng^ per cent of M. So, it happens that 
when alloy (p-p') cools through the eutectic temperature, the 
eutectic mixture that forms is one consisting of an AT-rich solid 
solution containing Mf per cent of N, and an A^-rich solution 
containing Ng' per cent of M. For purposes of reference, we 
shall call the former the alpha solid solution, and the latter the 
beta solution. The initial state in the solidification of the type 
alloy (p-pO is the freezing of the alpha solution with var3dng 
(falling) temperature, and the final stage, occurring at constant 
temperature, is the concurrent freezing of the saturated^ alpha 
and beta solutions, to form an eutectic mixture of invariable 
composition. The wholly solid alloy consists, then, of crystals 
of the pro-eutectic alpha solution, and a eutectic of the alpha 
and beta solutions. 

The sequence of events in the freezing of an alloy on the iV-side 
of the series, such as {q-q'), should be evident from what has 
gone before, and no description of such will be attempted. 

The components of the several fields are as follows: 

I. Melt. 

II. Melt and alpha solution. 

III. Melt and beta solution. 

IV. Solid alpha solution. 

V. Solid beta solution. 

via. Solid alpha solution and eutectic (alpha and beta solutions). 

VI6. Solid beta solution and eutectic (alpha and beta solutions). 

Case c. The Formation of Intermetallic Compounds . — We have 
here two possibilities, in one, the compounds are wholly insoluble 
in one or both of the pure metals, and in the other, they are 
partially soluble. We thus have two variations of cases a and 5, 
respectively; as a matter of fact, there is nothing new presented 
by the equilibrium diagram except the actual formation of the 
compound. We shall describe only the diagram of the limiting 
case of total solid insolubility (Fig., 21). This diagram is evi- 

^ The outward flaring solid solubility lines, (/"-/) and indicate 

a lessened solid solubility with fall in temperature. For the present, we 
may neglect this feature of the diagram. 
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dently a doiibie diagram of the Grou{> lla ty])<‘. Mentals M arid 
N form a compound, d/xAby, occurring at com posit ion c", and 
melting at temperatun^ U. The compound contains, thus, MU 
per cent of metal N and NU jxu* emit of mental d/. Likf‘ any othm* 
chemical compound, it is of invariant com{iosition and it has a 
definite melting point. Its fna^zing-point curves is Iik(‘ tliat of 
any pure substance, like that of a pure rmdal, for (‘xample. For 
purposes of study of the equilibrium diagram in which a com- 
pound occurs, it is best to regard th(‘ compound as a distinct 
metallic entity — -as, indeed, it is — endowcal with tln^ property of 



Ficj. 21. — Equilifjriurn diuKrarn of tho nadals M and .V, whirh form a rum- 
pound, MjrN'i,. This <*orni>onrid forrn.s n douhio fuf i*rf if<Tous soHoh with fin* two 
metals, and are insoluljlo in th(‘m in tlic solid state*. 


constant melting point, of pt'culiar solubility |)o\vers, ete., such 
as would normally elia.rMet<‘rize an (‘hdrumtal metal. If we look 
at the matter in this light, thf‘ e(piilil)rium diagrain of Fig. 21 
may be thought of as consisting of two abutting diagrams, con- 
tiguous at the line c-r/, the eompositioii of tin* compoumL d'o 
the left of c~(/j we have a simple diagram of Tyi>c lUi. Metal 
M and the compound d/xA> — II k* two compommts of the sys- 
tem— are wholly insoluble* in (*aeh other in tin* solid statf*. 
Metal and componnd form an (‘utectic at MU }H‘r cf‘nt of A', 
melting at temperature U. Alloy.s to the h*ft of the eutectic 
composition consist, in the solid .state, of m(‘tal M plus an f*iitectic 
of M and the compound; those to the right c*onsist of tin* (*om- 
pound and the aforesaid {*ut(*etie. 
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The same general descriptions hold of the alloys to the right of 
(C“C0? only here the pure metal phase involved is N. N and 
the compound, MxNy, form an eutectic at Me^ per cent of N 
which melts at temperature Solid alloys to the right of the 
eutectic (designated e^y to differentiate it from e the eutectic 
of the compound and metal M) consist, obviously, of metal N and 
this eutectic 6%] those to the left, of MxNy and eutectic 62- 

An alloy exactly corresponding in composition to c', is, of 
course, 100 per cent compound {MxNy) after solidification. 

The above description of the constituents of the various fields 
of the diagram, with the complete listing of them below, should 
make perfectly clear the precise sequence of events occurring 
when such typical compositions as (x-x')^ freeze 

or melt. No further discussion of this diagram seems, therefore, 
necessary. The several fields of the diagram are, however, made 
up as follows: 

I. Melt. 

II. Melt and solid M. 

III. Melt and solid MxNy. 

IV. Melt and solid MxNy. 

V. Melt and solid N. 

Yla. Solid M and eutectic e {M and MxNy). 

VI6. MxNy and eutectic e {M and MxNy). 

Vila. MxNy and eutectic 62 (N and MxNy). 

VII&. Solid N and eutectic 62 (N and MxNy). 

The companion equilibrium diagram of the above, but of a 
series which shows some solid solubility between the compound 
and the metals, is that given in Tig. 22. The resemblance of this 
diagram to that of case h is striking and its interpretation should 
present no difficulty. 

Group III. Alloys Whose Two Component Metals Exhibit 
Unlimited Intersolubility in the Liquid State, a Partial Solubility 
in the Solid State, and the Curves of Primary Solidification 
Intersect a Transition Point Which Corresponds to the Tempera- 
ture of the Peritectic Reaction. — Like the alloys of Groups I and 
II, those here show complete liquid solubility; like the alloys of 
Group II6, they show partial solid solubility. Differing, how- 
ever, from any case of Group II, the curves of the liquidus of this 
scries of alloys intersect, not at a minimum, but at a transition 
point, in temperature somewhere between the melting points of 
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the two metals. The temperature of i!it(*r8e(*tioii eorresponds 
to that of a reversible chemical reaction, called the pcriiedic 
reaction. This reaction, on cooling, occurs lK*tw{‘en the solid 
phase already formed (the properitectic phase) and the rc^sidual 
melt, to form a new solid phase, either another solid solution, or 
an intermetallic compound; from tlnsse two possihilitic's arise 
the two subdivisions of the group. 

Case a. The Product of the Peritectic Reaction Is a Solid Solu^ 
tion . — The equilibrium diagram of this subclass of Group III is 



Compositfon Weight Per Cent — >- 

Fig. 22. — ”E(iuiIibrium diagram of inetalH M and .V, whiidt form a conipouml 
MxNp. This compound forms a double euteetiferouH serieH with the two motals, 
and is partially soluble in them in the solid 

given in Fig. 23, and one can s(‘<‘ that, in general feature's, it is 
not very different from the diagram of Group I alloys. Indeed, 
what little difference exists, centf*rs around the point e, and 
the line (p-o-r/). The former is tin' ])ent<H*tic point and tla^ 
latter is the peritectic horizontal. In the equilibrium diagram 
of the Group I alloys, we have btdow the solidus a single s(*ri<‘s of 
solid solutions. It is a continuous or isomorphous serif's, as it is 
sometimes called. In the presf*nt diagram, w<‘ hav<* l)elow th(‘ 
solidus a double or discontinuous scu'i(*.s of sf did solutions. l'h(‘ 
diagram illustrates, also, in accordance with thf* definition of 
the group, another instance of limited solid solubility, since solhl 
M can hold dissolved never more than Mp per emit of A'; if that, 
amount is exceeded, a new phase, another solid solution, forms. 

A description of the freezing of four typical compositions 
follows: 
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a, {x-x'): The freezing of this composition follows the same 
course as any alloy of Group I. The solid alloy is the M-rich 
solid solution, designated the alpha solution. 

{y-y') • Like the above, we are dealing with a simple case 
of solid-solution formation in the manner of Group I alloys. 
The solid solution forming is, necessarily, the JV^-rich solution, 
here called the beta solution. 

c. : Composition lying between points j) and q, that is, 

those containing between Mp and Mq per cent of iV, are ^ the 
ones whose freezing behavior differs somewhat from anything 
yet described. We shall consider, first, any composition, as 



Fig. 23. — Equilibrium diagram of metals M and N, which are completely 
soluble in the liquid state, and partially so in the solid state. A peritectic 
reaction, on cooling, results in the formation of a solid solution. 


lying between p and the peritectic point o. Freezing 
starts at temperature ta as soon as the temperature drops to the 
liquidus. Crystals of the M-rich solution — the alpha solution — 
of composition Ma^ per cent of W, form. Freezing continues as 
the temperature drops to the peritectic temperature t^p] the com- 
position of the solid phase meanwhile varies along the solidus 
from a" to p. During the same temperature interval, the melt, 
becoming proportionately enriched in N, moves in composition 
along the liquidus from a to q. At the peritectic temperature, 
ifp, a reaction occurs between the residual melt of q composition 
{Mq per cent of N) and the alpha solid solution of composition 




70 AN INTRODUCTION TO PHYSICAL METALLVmiY 


'p (Mp per cent of N)^ forming a new solid solution, the beta 
solution, of composition o {Mo per cent N). This n-action may 
be expressed as follows : 

Melt + alpha solution ]>eta solution 

^^.-'The reaction occurs at constant t(‘nip(‘rature, Iik(* that other 
three-phase (two-component) rc^tiction at th<‘ eul{*etif* point. 
On cooling, the reaction proceeds to tin* right till om* of the 
reactants is completely utilized. In the* compositions b(‘1 wecai 
points p and e, the reactant to boeoiiK^ first exhaust ( hI is tin* nu^lt. 
Consequently, the reaction carries on in tin* direction indicated 
till the alloy consists entirely of the n(‘\vly rornu‘d l^eta solution 
plus whatever amount of the alpha solution is left; tliat is to say, 
on cooling, the reaction continu(‘S to the right till tin* alloy is 
completely frozen. Solidification is complete at tp, and no 
further (assumed) change takes place on suhs(H|U(*nt cooling to 
room temperatures. 

d. (s-s'): This composition typical of all those within thci 
peritectic range but to the right of tlu* a(‘tual p(‘ritecti(‘ point, 
begins solidification at temi)erature 4, with tin* (h*p<isition of 
crystals of the alpha solid solution, (h’^^sials of sucIj continue* 
to separate out througli tlui rath<‘r short temperature ra.ng(‘ to 
the peritectic temperaturf* tp. The composition of the* inf*It, as 
always, varies in the ineantinn* alc>ng the liqui<lus, from b to q, 
and that of the solid from h" to p. Th(‘S(‘ two })ha.ses of the* 
compositions indicated r(‘act at t<*mf)end urc* Ip, p^uiteetically, 
to form as before a new (b(*ta) solid solution f)f c*omposi1ion a. 
As in the previous instance*, tia* n‘action on cording proe-erais to 
the right till stopped Ijy tin* (*xhaustioii of one* of the* reaedants, 
in this case, the ali)ha solution. Ininiediat(‘ly h(‘low the* j)e*ri- 
tectic horizontal, he., just l)e‘le>w ip, the‘ alloy e*oiisists e>f the* 
newly foriiK'd beta sohitie>n and some* re*si(iuai medt . Ihilike 
alloy {R~R^), the fr(*ezing of {.s'-.s*b is ne>t eennpl<*t<‘<l whe*n the* 
I)eritectie reaction conH*s te> a (*le>se*; iie*ce*ssarily, t his i.-^ se? sine'e* 
one of two remaining |diase‘S at tin* cml ed‘ the* re*action is still 
liquid. Freezing e;ontimu‘s-~n(jw nf> le)nger at e*oii<lant tein- 
perature~“-to the solidus h-j, with the* elcposition of crystals of the* 
beta solution. The* ce)mplc‘t{*ly se>lidifie*el alloy e-onsists of this 
solution only. 

The several fields of the diagrani arc dcse*rihed as follows: 
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I. Melt. 

II. Melt and alpha solid solution. 

III. Melt and beta solid solution. 

IV. Alpha solid solution. 

V. Beta solid solution. 

VI. Alpha and beta solid solutions. 

Case h. The Product of the Peritectic Reaction Is an Inter- 
metallic Compound . — ^In the diagram of Group lie alloys, the 
presence of an intermetallic compound in the series is indicated 
by a definite maximum on the liquidus curve at the composition 
of the compound. The presence of such a maximum point 
always denotes the formation of a compound. On the other 
hand, the absence of a maximum on the liquidus should not be 
interpreted to mean necessarily that compounds do not exist. 
Maxima, in this connection, are of positive diagnostic value only. 
A case in point is the present one. The equilibrium diagram of 
Group III6 alloys (Fig. 24) exhibits no liquidus maximum, 
though an intermetallic compound of type formula MxNy 
actually occurs in the series. The reason for the absence here 
of the usual tell-tale maximum point on the liquidus is simple 
enough when the circumstances surrounding the origin of the 
compound are known. The compound actually forms sub- 
sequent to the beginning of freezing, and as it is only the initial 
events of solidification process that are recorded on the liquidus, 
the act of compound formation is not indicated there. And on 
heating, the compound dissociates before liquidus temperatures 
are reached, that is to say, its dissociation temperature is below 
its melting point. Necessarily, evidence of a phase's dissolu- 
tion, as that of its formation, are wanting on a curve which 
records higher temperature changes only. 

The equilibrium diagram of this alloy series is shown in 
Fig. 24. The only compositions of the series, in the freezing 
of which novel behavior is displayed, are those within the peri- 
tectic range of composition, those lying between points p and 
pure N. Two such compositions are {y~y') and {z~z ') . 

{y-y') • The compound occurs at o-d composition, alloy 
iy-y^) is, thus, to the right of both p and the compound 
vertical. Solidification begins at with the separation of 
crystals of pure N\ this continues as the temperature falls 
through the interval tb-tp. The melt, gradually impoverished 
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in N varies in composition along the liquidus to p. On cooling 
through temperature the peritecdic rea(*tion takes place; as in 
the previous case, this is a constant-teinperatiirc, reversible 
reaction, involving three phases. The new phase (on cooling) 
is the compound The reaction may lx* re^presfuited as 

follows: 

Melt + solid N : MMv 

For all compositions richer in N than tlie composition of tlu‘ 
compound, as iy-y'), the reaction, on cooling, proceeds to the 



Fici. 24. — E<imHbriiim diagram of rradals M and ,V', whadi an* <*onii>h*f (‘ly 
soluble in the liqxiid stat e and inf-ornj>h*{ <*! y soluble in the «oHd Htate. A iM*ritcet ie 
reaction, on cooling, results in the formation of a eomi>ound MN. 

right till all the melt is consumed, tlie eml of fn^ezing is con- 
current with the end of the peritectie rf‘action. ddn* alloys are 
wholly solid just under tj,, and the solid alloys consist <)f a mi.xt,urf‘ 
of no especial arrangement or charact(*r of imAitl A" and the 
compound, M^Ny, 

(z-z^): This composition, also to the right of thf‘ point p 
but to the left of the actual compound composition, lK*gins to 
freeze at ta, with the separation of solid N, vSeparation con- 
tinues to tp, the composition of the melt moving meanwhile 
along the liquidus to point p. At tp occurs the* pe*ritectic r<*action, 
wherein originates the compound. Solidification is still incom- 
plete when the reaction comes to an end througli exhaustion. of 
properitectic solid N, The excess melt now fre(‘Zf*s, with drop in 
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/temperature to te, with further separation of compound. During 
(this stage in freezing, the melt changes in composition along 
p-e. At temperature tej the eutectic forms in the usual 
manner; the eutectic consists of tjie compound and metal M. 

The six fields of the diagram are structurally composed as 
follows: 

I. Melt. 

II. Melt and solid M. 

III. Melt and solid compound, M^Ny. 

IV. Melt and solid N. 

Ya. Metal M and eutectic (metal M and compound, MxNy). 

Yh. Compound, MxYy, and eutectic (metal M and compound, MxNy). 

VI. Metal N and compound, MxNy. 

Group IV. Alloys Whose Two Component Metals Exhibit 
Limited (Partial) Intersolubility in Both the Liquid and Solid 
States. — All of the preceding alloy types had one common 
property, viz., the component metals possessed unlimited liquid 
intersolubility at temperatures immediately preceding solidifica- 
tion. Alloys of Group IV differ, therefore, in this fundamental 
character, for they show a limited intersolubility at these temper- 
atures. Because of an unlimited miscibility in the liquid con- 
dition, alloys of Groups I to III, inclusive, exhibit, irrespective 
of total composition, but one liquid phase — any molten alloy of 
any of these Groups is a single, homogeneous melt. Alloys of 
Group IV, on the other hand, show a single-layered melt only 
up to the limits of liquid solubility, when and if these limits are 
exceeded, a second layer (phase) puts in its appearance, immis- 
cible with the first and separated from it by a definite interface. 
This hitherto nonexistent aspect of heterogeneous equilibria can 
again best be studied in connection with the equilibrium diagram 
of the series. This is given in Fig. 25. 

At temperature liquid M can dissolve Mq per cent of 
molten N, and— on the other side of the diagram — molten N 
can dissolve Nq' per cent of M. At temperatures higher than 
ip, as for instance, U, the solubility of each liquid metal in the 
other is somewhat increased, viz., MV per cent of N, and Ns' 
per cent of M. In other words, there is the usual increase 
in liquid solubility with increase in temperature. 
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Liquid alloys whose total compositions ai'C‘ to tlu* I(‘ft of 
point p {Mq per cent of Nj or less) consist, at th(‘ I)(‘ginning 
of freezing, of a single-pliase melt, and fr(*(*ziiig follows in i\u^ 
usual manner and with the usual rc^sults. Lik(‘wis(‘, thr* .V-rich 
alloys, w'hich contain Nq' per cent of M or Ifsss, are singl{‘~piiasf‘ 
melts, and they solidify in the normal fashion. Alloy com posi- 
tions falling in the ranges p-j/ consist, wlaai molten, of two 



M x' y' q y d' z' e' ;i‘ aj H 

Composition Weight Per Cent — ‘*- 


Fig. 25 . — E<iuilihriiini dia^jjram of niffnls .1/ and uhifli an* pariially .snluhlt* in 
each other in l>ot h the li«|uid and solid states. 

liquids, one, an AZ-rieli solulion e()otaining, as a niininmiu eon- 
centration, Mq per cent of .V, ainl theotht'r, an A'-rieh solut ion, 
containing iind(*r similar eonditions, A>/' per <‘(*nt of M. lAaeh 
solution is a quite sej)arate tind distinct entity as lH*eui!H‘S any 
true physicochemical phase; wlnm appreciable tlifferences in 
specific gravity hetwtum the two solutions exist, the lighter 
of the two solutions of tin* umlist urlx-d melt will float on 
the heavier one. These two iimuiseihle liijuitls an* e.alled 
conjugate ,sol ution.H. 

The co(‘xist(>neo of the twt; eonjugate sfilution.s at t em pernt ures 
above tp affords' an iliustratitm of ('cpiilihrium between two dis- 
similar liquids, 

While at tp the compositions of the solutions arc* gi\'en hy p and 
p', respectively, at higher t(*inperat ures thf^se eliange in the 
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direction of increasing concentration of the solute metal. The 
composition varies along p-Z for the Ml solution, and along 
p's for the other, i.e., they become with increasingly higher 
temperatures closer and closer in composition. It is conceivable 
-that at some temperature (if actual boiling of either solution 
does not intervene) the compositions of the two solutions become 
identical; they would then lose their respective identities to 
merge into a single homogeneous solution. On cooling this 
single solution back through the critical temperature, reversion 
into a two-liquid melt would, of course, occur. 

But one^s interest, in a practical way, is not so much in the 
conditions prevailing in the liquid state as it is in those existing 
after solidification is complete; so to arrive at a knowledge as to 
what these latter conditions are and as to what manner of 
freezing produces them, 'we shall consider, as has been our 
custom, the solidification procedure of a few typical compositions, 
but now limiting ourselves to those compositions whose freezing 
manner is, in any way, peculiar. 

{y-y ') : This alloy, at temperature U, is a single-phase melt. 
Solidification begins at the liquidus with the separation of 
solid alpha solution of composition a'. Freezing continues to 
the composition of the solid solution moving meanwhile from 
a' to p''*, that of the residual melt from a to p. Thus, at tp, the 
alpha solution of composition p" is in equilibrium with the 
melt Ml of composition p. But if we follow the line p"- p-p' 
to the right, we find that these two are also in equilibrium with 
a third phase, iV/II of composition q'. We have, then, another 
three-phase system 

alpha solution ^ Ml ±=; Mil 

or expressed as a peritectic reaction, 

MIp ^ alpha solutioiip.^ + Mllp' 

On cooling, the reaction proceeds to the right at constant 
temperature (hence the horizontality of p"-p~p') till one react- 
ant (in this case, MI) is exhausted. Solidification, still incom- 
plete at the cessation of the reaction because of the survival 
of Mil, continues by further separation of the alpha solution 
but now, of course, from melt MIL The composition of the 
Mil now varies along p'-t-N. When the latter’s composition 
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actually reaches Im, the in<‘lt has the composition of pure iV, 
and the final act in the freezing process is the solidification of this 
at constant temperature. The solid alloy consists, tlien, of tlie 
alpha solution and metal N. 

{z-z'): This composition consists, at the start, of two liquid 
phases ikfl and ildTII, At temperature U, tfie com]x>sit ions of 
these two conjugate solutions in equili])rium with each othf‘r are 
represented by points d and e, resp(‘ctiv(‘ly. With dro]) in tem- 
perature, the compositions of the solutions cluinge along dp and 
ep'. At temperature tpy the peritectic d(‘com}>ositi(ni of Ml 
occurs, giving rise to the first solid, crystals of tin* alpha solution. 



Fig. 26. — Equilibriam diagram of metals M and .V, whi(di <jxhihit no Bohibility 
for each other in either the lifiuid or soliti state. 

Freezing from this point on is similar to tiiat followed by tin* 
{y-y') composition. 

The fields are described as follows: 

Ml. Melt I. 

MU. Melt II. 

Ml and Mil. Melt I and Mcdt 11. 

L Alpha .solution. 

II- All and alpha .solutkm. 

III. A/ 11 and alplni .solution. 

IV. Alpha .solution and medal N. 

Group V. Alloys Whose Two Component Metals Exhibit No 
Intersolubility in either the Liquid or Solid State. Then* is 
little that need be .said concerning the fn*ezing phenomena of 
this series of alloys, if alloys they an*. The two iiudal.s <*x}]ihit 
slight if any liquid solubility for each <dli(*r; tlifU’f* is, then, no 
effect of the one on the other'.s melting point nor, in fard, on any 
other circumstance of the fn^ezing ni{‘(‘Iianism. Sima* inter- 
solubility relations are never enhanced by fr(*ezing but if (‘.xperi- 
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encing any change at all, it will always be in the opposite direction, 
the most that one can get in these “alloys after solidification is a 
simple mixture, and unless special and often highly artificial 
conditions are not maintained during solidification, one does not 
get even this. The usual solidified product of two metals 
immiscible even when molten, is simply a layered solid of the two. 
One can hardly designate this an alloy, if the term “intimate 
association” of the definition has any significance at all. See 
Tig. 26 for the equilibrium diagram. 



CHAPTl^R IV 


THE EQUILIBRIUM DIAGRAM : IL THE 
SOLID — SOLID CHANGE 

The precise manner and (‘liarael(‘r of tin* lifjuid — ^ solid change 
(freezing) is for most alloys of primary iinportama* in gfving form 
to the gross and fine structiin* of tin* nJloy and in this way dfdcr- 
mining its general propcniit^s. But in cmiain alloys phase 
changes occurring sul;)S(‘(juently to solidification may modify 
this initial striK^lure and (diaiigc* in a gnsatcr or lessor <lcgr(‘e lh(i 
original i)rop(‘rti(>8. It may lx* unfort unaU* for the studcmt of 
metallographic sci(‘nc<‘ that these changes in the solid stat(* do 
occur, for at tinu^s they considerably eoin])licat(* his ])rohlein of 
phase change-struetur(‘>prop(‘rty corniat ion, hut practically thf‘y 
arc of great importance. Becaus(‘ occurniig last, they hav(‘ th(i 
final opportunity of dcdermining the eventual structure and 
properties of the alloy. Also, he{*ause of the comparative slow- 
ness and hesitancy of the changes tlnunselves, they often hf‘eome 
subject to iiiflu(‘nc(‘s from ou1si<l(‘ sources, for the exist encf* of an 
apprecial)le tinu' laetor in many soli<l . - solid changes provides 
the condition m‘(‘(‘ssary to bring these chmiges within limits, 

of coiirs(‘ “-iui(l(‘r man’s purp(js(‘ful cr)!iirol. For the |)n‘seiit, 

we an* inter{‘st(‘{,l in what lhf*se ehaiiges are, in what manner they 
manifest themselves, and how they can In* fitted into the general 
picture of l){d(‘rog(‘neous (*(juilihria as given by the (Mjuilihrium 
diagram; we* shall haive, for another oceasieui, the discussion of 
the inter(‘st.ing mattf*r of th(‘ir n‘gulation. 

Allotrejpic, e)r — as we* shall inorf oft mi say p<jlymorp!iic 
changes, eitlie*!* ol one* of the* metals ore)r>oine‘ inf ea’inetaliie jihase, 
are responsible for most, though not for all, of the* strue^tural 
changes that take idaee* in the* soliel state*. WI* shall not aMeanpt 
to classify th(*se eha,iige*s in so rigiel a fashion as we* elid in the 
case ol the changes iiie'ident to freezing and me‘itiiig, hut rather 
to discuss, in a l)rief iruinne'r, the* te)Ilf>wing fairly typical examples: 

1. One Metal Is Polymorphic. ( onside-mhle* mutual soliel 
solubility exists both above* and be*luw th<* ])olymorpliie traiis- 

78 



THE EQUILIBRIUM DIAGRAM 


79 


formation, but the transformation temperature is (a) lowered, or 
(h) raised, by the presence of the second metal in solution (depend- 
ing presumably on the relative solubility of this metal in the two 
modifications). The equilibrium diagram of the subcase where 
lowering of the transformation temperature results from solution 
is shown in Fig. 27. M, of melting point tMj is the polymorphic 
metal with the M/3 change occurring at temperature tm for 

the pure metal. Metal N (m.p. = forms (as the diagram is 
drawn) a continuous series of solid solutions with the high-tem- 



Composition-W^t. Per Cent — 

Fig. 27. — ^Equilibrium diagram of metals M and N, which form a continuous 
series of solid solutions. The transformation temperature of the polymorphic 
metal M is lowered by the presence of iV in solid solution. 


perature* modification (beta) of metal M. The upper pair of 
curves is obviously the liquidus and the solidus of the diagram. 
Metal N lowers the transformation temperature of metal M, 
^ with increasing amounts of dissolved N up to Ma per cent; at 
the latter concentration, this temperature is depressed to room 
temperatures. Alloys whose compositions lie between pure M 
and Ma per cent of N possess at room temperatures the solvent M 
in the alpha modification, the usual, i,e., the low-temperature, 
form in which this metal exists. Compositions richer in N than 
Ma per cent N contain at room temperatures some or all of metal 
M in its high temperature, or beta form. We have then at 
ordinary temperatures, for such alloy compositions, an example 
of a crystalline form existing at temperatures other than those 
where it is normally stable. The existence of M/5 well outside its 
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customary temperature habitat constitutes a case of constitu- 
tional metastability. 

Because of the comparative simplicity of the diagram, there 
seems to be no need for a detailed description of the cooJing con- 
duct of typical alloys of the series. Thci rnanncjr of the idiase 
change on cooling (or heating) through the lowcu pair of curves 
(the major and the minor, so called) is not unlike that of the alloy 
cooling (or heating) between the liquidus and the solidus, excej^t, 
of course, that the former change occurs wholly in th(‘ solid state. 

The equilibrium diagram of the casf‘ when* th(* transformation 
temperature is raised by the presence of the second ni(d;ai i.s given 
in Big. 28. 



M a H 


Composi+ion-Wgt. Per Cent — ► 

Fig. 28, — Equilibrium diagram of rnfialw M and .V which fr>rin f‘ontiiiuf)U8 
series of solid solutioiiH. The transformation t<*mi>erntnrc of polymorphic 
metal M is raised by the pre.seiuH* of A' in Hr)lid 8»)Iution. 

It seems more formidable* in the* matter of its iiiteu’pretatioM 
than the preceding diagram. Actually, the* pcriteH*tic rc‘action 
that is involved pre‘se‘nts nothing nov(*l. M is again the* poly- 
morphic metal with its transformation t(*mp(‘nit ure* at /,«. Tlie 
presence of metal N in sohition (assumal)iy now bee*aus(* it is 
more soluble in Ma than in Mfl) raisers thi.s t(‘mp{‘rat ure* to such 
an extent that with as little Ala per ce*nt of A" the* major (im-p) 
of the transformation eurv<*s intensects the* solidus. The* diagram 
reintroduces the peritectic inaction for point o i.s a p(‘nte*ctic 
point, the line ;p-o-r/ is a peritectic horizontal. Alloys of I(‘s.s 
concentration of N than Ala per cent free^ze? with t he fe)rnuition 
of the beta solution, that is to say, the solid sejlution in which M 
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is in the high-temperature form. On further cooling, this solid 
solution changes along tm-p to the alpha solution. Composi- 
tions between p and o freeze likewise with the formation of the 
alpha solution, which, however, reacts with the residual melt 
at the peritectic temperature to form the beta solution. For this 
range of composition, the melt is exhausted in the reaction, and 
solidification is necessarily complete at the end of the reaction. 
On further cooling, the residual pro-peritectic beta solution 
changes to the alpha. 



Composition-Wgt. Per Cent - 

Fig. 29. — Equilibrium diagram of the metals M and N which show a consider- 
able mutual solid solubility above the transformation temperature of the poly- 
morphic M, but a very low solubility below that temperature. 

All pro-peritectic beta of compositions to the right of point o 
disappear wholly during the peritectic reaction; these solutions 
are then not involved in a later polymorphic change. 

A third case, differing somewhat from either of the above 
examples, is that one in which the considerable mutual solid 
solubility of the two metals prevailing above the transformation 
temperature is changed to one of low value below, indeed, the sub- 
transformation-temperature value of solubility may become 
practically zero. Above the transformation temperature (see 
Fig. 29), the maximum solvent powers of M — the polymorphic 
metal — for metal N is Mk' per cent. This occurs at temperature 
At lower temperatures, the solid solubility decreases along 
line eu-k. Eventually, however, the progress of this solid 
solubility line toward decreasing solubility values is halted 
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by its intersection witli another liiH‘, th(‘ i)ha8e-change line 
t„i~eUy coming in, with decreasing tem})eratures from the left. 
This last line is the temp(‘ratiir(‘-coni posit ion curve of the poly- 
morphic change of Ma ^ d//3. Idie meeting of tlnssc two lines 
at the point cm constitutes a niiniinum, an eutectic-like point 
quite appropriately called the eutectoid ])oint. vSiinilarly, the 
change on cooling occurring at eu is call(‘d th(‘ cnit(‘ctoid inver- 
sion, the horizontal i„rdNc"-(Av., is th(‘ {‘Ut(‘ctoid horizontal 
and teu is the eiitectoid tempca'atunv Com] )osit ions to th(‘ left 
of eu are designated hypo-eutectoid, thosr^ to the right hyp(n- 
eutectoid. The free or <‘xcess const itiuait in alloys, (‘itlnu* to the 
right or left of tlui actual (‘ut<‘(‘toid conq)osition, is (*all(Hl the 
pro-eutectoid phases 

^ The nietallographic constitution of alloy w-io' , for example, 
is pro-eutectoid Ma, and an (‘ut(‘etoid of Ma and N. Th(‘ latt(‘r 
has a composition (irr(‘siK‘ctive of the total composition of th(i 
alloy) of Men per cent of N and Nru ])(‘r c(‘nt of M . lake an 
eutectic, it is a diphasial inixtun* of (h*finit(‘ proportions; it has 
also the lamellar app(‘aranc(* of many r‘ut(‘ctics (s(‘(‘ Fig. 79). 

Because of tlie appanmt coini>h‘xity of tin* diagram ami also 
because the irou-cementite systc‘m (st(‘els and cast irons) belongs 
here, we miglit profitably follow through tin* (nx-nts connected 
with the cooling of four ty|)icai composit ions. 

This is a ty])ical hypo-(*ut(‘ct old (‘om posit ion. F're(*z- 
ing occurs through the* int(*rval a-h, with tin* ])rodu(‘tion of a solid 
solution of N in Mp. At c, dissolution of this solution Ixgins 
with the rej(‘ction of fret* ( pro-cut <*cioid) Mex (tlie 
change having b(*(*n dt^Iaycd till now bc<*ause of tin* dissolved .V), 

containing, howev(‘r, a small amount actually, Mg per cNuit <jf 

dissolved N. ddiis dissolution and sf‘para.ting process continues 
from c to dy with tin* coin])osit ion of the residual solution moving 
from c to cii. At d (tin* (‘Utcctoid temperat urej (>ccurs the 
eutectoid inversion, wiH*re tin* residual solution of cutc<‘toi(i 
composition changes into an aggn*gat(‘ of pure A’, and Ma con- 
taining a very small amount of dissolvt‘<i .V (Mg' per cr*nt ). Th(‘ 
slight solvent pow(*rs of metal d/ sur\'iving tin* polyinor|)liic 
change becoirn* furth(‘r reduced as th(* alloy cools to rfjorn t(‘m- 
peratures. The alloy at room t(‘inpcratun*s consists of pro- 
eutectoid Molj in which ATJ' ])f*r cent of N is dissol\’f‘<i^ ami the 
eutectoid of this f‘xtrcin(‘ly dilute .solution ami |)urf‘ Ah 
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x'): Tins hypereutectoid composition freezes over the 
interval The solid solution there formed begins to 

decompose at c', with the rejection of solid N {N, and not M, for 
we are to the right of the eutectoid point) . This separation of N 
continues to d', while the enrichment of the solid solution in M 
proceeds along (c!-eu). At d' (temperature te^u), the composition 
of the solid solution is such as to be saturated with both M and 
N, and concurrent separation of the two takes place. The alloy 
at room temperatures consists of free N, and the usual eutectoid 
of N and Mol (with Mf per cent of dissolved N). 

(y-y') • This represents a hypo-eutectic composition. The 
freezing of the pro-eutectic solid solution occurs through the 
interval By the time point h" is reached, the composi- 

tion of the solid phase is given by the point k, and that of the 
residual melt in equilibrium with the solid by point e. Lowering 
the temperature below 6" (temperature te) results in the formation 
of the eutectic. This consists, at the end of solidification, of 
pure and the solution (saturated) of M/3 and N. As the tem- 
perature further drops to c", all solid solution, pro-eutectic as 
well as eutectic, becomes less and less concentrated with N, i,e,, 
solid N is precipitated along k-eu. The solid solution of Mk' per 
cent of N at 6" becomes Meu' per cent of N concentration at c". 
Cooling slightly below c" causes this solid solution to invert to 
the eutectoid, consisting of an aggregate of N and Mol (with 
Mg' per cent of dissolved N). 

The varying manner of the formation of N and the different 
temperature levels at which it forms naturally affect somewhat 
its mode of distribution in the alloy; also, 'when the phase is not 
an element as is the case here, but a compound, the stability 
of the phase is often influenced by the temperature conditions 
prevailing at the time of its formation. 

(z-z ') : Pro-eutectic N freezes out of this hypereutectic alloy 
during the composition of the melt moving meanwhile 

to e. Cooling below h'" forms the eutectic of metal N and the 
solid solution of M with Mk' per cent of N. Cooling the solid 
alloy further to c'" results in the separation of solid N along the line 
k~eu. At c'" the eutectoid forms, as in the three previous cases. 

The alloy below te, is- composed of solid N and the eutectoid. 
The N of the alloy (of all alloys to the right of point e) originates 
in the following ways: 
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1. The formation of tlio pro-eutectie phase from (T" to b'". 

2. The formation of the eutectic at t,. 

3. The separation of N from the solid solution from U to 

4. The formation of the eutcetoid nt ^ 

2, An Intermetallic Phase Is Polymorphic. — All of tlu^ a])ovo- 
described changes were the result of })olyiiiori>hi(* changes in 
one of the metals of the serif‘s. In some alloys, polymor- 
phism involves an intermetallic j>hase rattier tlian the pure 
metals, and that is the condition wif.h which we an* here con- 
cerned. These polymorphic inteniKdallic phases are, for the 
most part, intermediate solid solutions, usually of fXTitectic 



Fig. 30.' -Portion of an equilibrium dia«raii]i .showinp; a polyruorphirr change in an 
intermetallic phaw. (After Hoyt.) 

origin, and possessing a com{)k‘x latticf* struct lire of no cs|)ef*iul 
stability. These solid solutions undergo, in many instances, 
structural changes at low tenii)(*ratun*s that are in all c*.ss<*iitiaLs 
polymorphic in characti^r. These int (*rm(‘diate solid solutions, 
unlike the terminal solutions of a sc‘ries, have a lattice structure 
quite unlike that of either of the two compomait iiifdals. It 
would seem, then, that the polymorphism of fix* internaxiiati* 
solution is in no obvious way coiine<'te<i with ekumuitai allotropy. 
At the present stage in the dc‘veIopin(mt of the scimici*, the 
changes which some of these complex iiiterinetaiiic phas(*s may 
undergo are not at all clear. 

^ To these, a fifth sources might he add<*d. Tlu* circunKst/ince that the 
M phase below tcu is not pure M but an extremely dilute soliitir)n of iV and 
Ma, which becomes more dilute still with deenmsiog tcauperatiirf's, implies 
precipitation of solid N% in rninule ^piaritities, hedow the eat,ect(d<i t<‘iiipera- 
tures. 




TUB EQUILIBRIUM DIAGRAM 


85 


The graphic representation of one type of change described 
is shown in Fig. 30. Only that part of the whole diagram which 
deals with the change under discussion is given. The high- 
temperature form of the intermediate solid solution O) passes 
into the low-temperature form (designated /?') at inconstant 
temperature. The composition of varies along a-c, the 
coexisting /3 phase meanwhile varies along h-d. 


TERNARY EQUILIBRIA 

Alloys are by no means limited to two component metals; 
indeed, many of our most serviceable alloys contain, three, 
four, or even more metals and nonmetallic elements. The 
graphic representation of ternary and higher order equilibria, 
even where these are known and 
understood, is no simple matter. Ir 

Yet no new principles are intro- / \ 

duced, and so we shall confine our / \ 

discussion to a single illustrative / '''x \ 

example. We shall, for this pur- / 

pose, take the ternary system of / T \ 

Lf Mj and W, three hypothetical / j \ 

metals, which we shall assume 

possess complete solubility in the ^ ot l 

liquid state, but which are com- I'ig. 31. — Graphic representation 

pktely taolubk in each other in S i J™ 

the solid state. This case is, thus, Rhodes' ''Phase Rule Studies.'')^ 

analogous to the binary Group Ila alloys. 

In a binary system, we required one direction (coordinate) to 
represent composition; here we need two. The amount of the 
third metal can be determined by subtracting the sum of the 
other two from 100 per cent. The composition plot is made 
along the three sides of an equilateral triangle. In this geo- 
metrical figure the sum of the perpendicular distances of any 
point within the triangle to the three sides of the triangle is 
equal to the height of the triangle; for example, in Fig. 31, 
Ip np A- rnp = Lq. If we make the height of the triangle 
equal to 100 units and have each corner represent 100 per cent 
of the pure metal, then the composition of the alloy p is np per 
cent of metal iV, mp per cent of metal Af, and Ip per cent of 
metal L. Again, instead of measuring composition distances 

^ From Rhodes' '‘Phase Rule Studies," Oxford University Press, by 
permission of the publishers. 
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from the point 'p vertically to the three sides, we may make use 
of another property of the triangle to measure these distances 
by lines drawn through p parallel to the triangle sides, as is done 
in Fig. 32. The distances then measured from p to the sides, 
^ as for example, line qm for the 

/ A L content of alloy p, are 2/-\/3 

\ times those measured in the former 

\ method (line pri = 2/'\/3 line p:r). 

/ \ In this second schenu^, compo- 

/ sition in 100 units is marked off 

Y \ along each of the thr(‘e sides of 

/ ! \ \ the triangle, with th(i pure metals, 

/ • \ \ A corners, as 

^ n X. m' ^ before, but inst(^ad of measuring 

Fig. 32. — Graphic representation distances tO thc'r sides normally, WC 
rLXTlIr so along throo lines dra^vn par- 

Rhodes' Phase Rule allcl to the three sidos. Ill this 

way, point (alloy) p, represents pn' per cent of ikf, pi per cent 
of Nj and pm' per cent of L. 

Either of the two sclunnatic; metlK)ds described concerns 
itself with the graphic representation of (*omi)osition relations 



Fio. 33. — A i)olythcrnial (Hpuco nuxicl of :i ternary .vvKfcrn. (Adajilrd from 
Rhodes Fhasir Rule Studies." 


only. Each is an wothennal diagram represeiitating citpiilibria at 
a single temixuaturc^ Obviously, to mak(‘ the* syslends e(jui- 
librium incture a (•om])lc‘te wholes, all of f t(‘rnperatun*s involved, 
i.e.j all temperatures between! ordinary Itunperatnrf^.s and thos(^ 
where fusion merges all components into om* homogenc*ous melt, 
^ From Rhodes' “Phase Rtile Btudie.s," Oxford rnivensity Pre.ss, by 
permission of the piihii.she;rs. 
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should be included. To do this requires the use of a third 
dimension; that is to say, a polythermal diagram of ternary 
equilibria is a solid model. Such a model of the ternary system, 
Lf Mj and Nj under the solubility conditions as stated in the 
opening paragraph, is shown in Fig. 33. 

The model is a triangular prism, with compositions plotted 
along the triangular base according to the second described 
method of reckoning. Temperatures are plotted vertically; 
thus II is the melting point of metal L, Im of metal M, and of 
metal N. 

The V-shaped curve is the eutectic curve (liquidus) 

of the binary L-M series, its arm tM-e^ marks the beginning of 
the separation of solid M from the alloys containing only 
L and M, Likewise tM-ei of the liquidus marks the 

beginning of the separation of solid M from the binary M-N 
alloys. Surface I of the model is thus the solidification surface 
of metal M in the ternary melt. Surface II, by a similar line of 
reasoning, becomes the saturation surface of metal N, and sur- 
face III the saturation surface of L. The side, 

represents alloys of M and N only, with the binary eutectic at 
Cl. The liquidi tM-ei and limits of the saturation sur- 

faces I and II, intersect at Ci, while the equilibrium surfaces 
themselves meet along a line connecting ex with a lower point 
E — the ternary eutectic point. Surfaces I and II are saturation 
surfaces with respect to M and Nj respectively; then on all 
points along ei-E are solid solutions necessarily saturated 
with both metals. Similarly, one finds that e^-E is the satura- 
tion line of metals L and M, and ez-E that of metals L and N. 
The convergence of the three eutectic valleys at a single point, 
the triple intersection at point E, constitutes the ternary eutectic 
point. The alloy of the series whose composition occurs exactly 
at this point (£" of the triangular base) has the lowest melting 
point. Like its binary sisters, the ternary eutectic point repre- 
sents a constant-temperature change. 

In the solid model, horizontal sections may be taken at any 
temperature level. The sections so taken become isothermal 
diagrams. A number of such isothermal diagrams taken from 
the space model of Fig. 33 are given in Fig. 34. In a of the 
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latter figure is sliowii tli(' isoth<‘nnal diagram at a t(‘inj)(‘ratur(‘ 
just above the t(‘reiitectic t<*inp(»rature. Tlie oUku* soetiojis 
from the same model, b to c inclusive^, are taken at increasingly 
higher temperatures. The field outside the shaded area in each 
case rejiresents compositions which are solid at the tcunj^c^ratin-f? 
in question. 

To illustrate further the method of graphic pres(*ntation of 
data concerning equilibria in a ternary systfun, l(‘t us observe th(‘ 
the manner of freezing of a typical alloy. VV(‘ shall take an 
alloy composition of a system such as W(‘ hav(‘ b(‘(m describing, 





{ After JihtuIvH.)^ 

i,e.j a syst(un whose compon(uits, th(* metals L, M , and iV, are 
completely soluble in each oth(‘r above fre(*zing, while* coinplet(*ly 
insoluble below. However, inst(‘ad of using a thr(‘<*-dimensional 
model as the subject, we shall study the j>rogr(‘ss of solidification 
of the ternary alloy on a projection of tin* modc*l. ''riu* proj(*ction, 
we shall find, is a much more satisfactory and (H>n vf*ni(‘nt f<jrm of 
a w-orking mod(*l than is tin* s|>ace mod(*I itself. At the* sana* 
time, th(i change over from thinking in terms of a solid model 
to those of its ])roject(‘d form is not difficult. One common 
method of j)lanary lorojcntion (Bchreinmakc‘r’s) of the solid 
model is illustrated in Fig. 85. In this proj{*ctif)n m(*thod, the 
compositions an* plotted as usual along th<* sides of an <*c}uiiat(*ral 
triangh* with the pure compon<‘nts at tin* thna* cornf‘rs. Idiree 
heavy intersecting lines mark th(* positions of tin* (‘utc‘ct.ic 
valleys, the and of tlie solid model. The 

^ Frorn lihodes’ “Phase Rule StiidieK,” Oxford I'liiverHity Press, hy 
permission of tbt^ publishers. 
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dotted lines are isotherms, representing the contours of the 
three solidification surfaces of the model. The projection is, 
in fact, a '"contour map/^ The comparative slopes of the three 
solidification surfaces are readily obvious. 

On this projection we shall trace the progress of the cooling 
of a representative alloy, such as one of composition X (see 
Fig. 35). This alloy {XI per cent of I/, Xm per cent of M, 
and Xn per cent of N) is molten above temperature t. Solidifica- 
tion begins as soon as the temperature falls below t, with the 
separation of solid L from the ternary melt, for the composition 
X lies on the saturation sui‘face (III) of that metal. As freezing 

L 



Fig. 35. — Schreinmaker’s projection of space model of Fig. 36. {After Rhodes.) ^ 

continues below tj with further precipitation of solid L, the 
melt becomes gradually impoverished in that metal, its composi- 
tion moving away from L along the line Lx ' — a straight line 
drawn through L and point X. At point p this line intersects 
the valley contour e^-Ej which is the boundary of the L and 
N saturation surfaces, and metal N as well as L now freezes 
out. From p, the composition of the melt, now growing gradu- 
ally less and less dilute with both L and N as temperature 
continues to drop, moves along ez~E to the point E. At this 
point, the third saturation surface, I — that of metal M — is 
intercepted, and at this point all three metals freeze simulta- 
neously; that is to say, a ternary eutectic forms at E. This is the 
final act of solidification. The wholly solid alloy consists of 
crystals of pure metal L, of an eutectic of L and A’, and of a 
tereutectic of L, M, and N. 

^ From Rhodes’ 'Thase Rule Stiidio.s,” Oxford University Press, by 
permission of the publishers. 
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The Phase Rule of Gibbs.— The concluding*: i)iiragraphs of a 
two-chapter-long diseussioii of hf*terogf*iu‘ou8 (‘(iuilil)ria of type 
alloy systems could not be more profitably utilized than by 
devoting it to a brief exi)ositioii of two gcuK^ralizations that have 
proved of signal service in the study of ecpiilibria in all manner of 
heterogeneous systems. The first and more important of these 
is the phase rule of Gibbs, the other the LeChatelier-Braun 
principle. We shall consider the former first. 

In this and the preceding chapter^s discussion of phase reactions 
as exemplified in alloys, one, on occasion, may have wondered 
whether nature sets any limit to th<^ miml)er of i)has(‘s that, under 
a given set of conditions, can co(‘xist in equilibrium in any 
particular system, one may havci asked orunself if therci might not 
exist some limiting numerical relationship betwc'en the particii>at- 
ing elements of a reacting system, cm th(^ one hand, and the deter- 
mining factors of tempe^rature, phase conctuitration, etc., on the 
other. Onels curiosity in these matt(*rs would very likely have 
led one to the early observation that there never were more than 
three phases present at any one tinrf^ in the l)inary systiuns under 
study, and that the presence of three was only occasional; indeed, 
it occurred only on the rarely prevailing condition whem the 
temperature of the system remained constant while its energy 
content changed. Now, the i)hase ruh^ gives us the answer to 
this and to many other puzzling asp(‘cts of e<pulil)riurn that our 
study of equilibrium diagrams may liave brought; to our atten- 
tion, for it serves as a gfmerai guid(‘ as to the conditions under 
which equilibrium may (*xist in a poIy])hase system. 

Before giving the phase rule, eitlu^r as a formally woi’ded state- 
ment or in the more convenient equation form, it might well 
if we had clearly in mind what the various tc^rrns Ihc^ndn men- 
tioned specifically mean. Some of thesf‘ words and terms— 
perhaps, most of them— have been used from time to tirm* in 
former discussions, where it setaiied that the conlf^xt would make 
their meaning obvious. Now, w(^ shall chance no possihk? mis- 
interpretation, and thci following terms an* d(*fined a(*cording to 
physicochemical usage: equilibrium, sy^siern, componeui, phase, 
and the variability or the degree of freedom of a syst(*m. 

Reactions involving change of state* (also others) are reversilde 
reactions. Under one set of conditions, the reaction proceeds in 
one direction, while under anoth(*r set tlu* reaction may bf* madfi 
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to proceed in the opposite direction. Conceivably, conditions 
may prevail so. that the tendency to move in one direction may 
be exactly offset by the tendency to proceed in the opposite 
direction. The reaction is then, said to be in equilibrium. 
Equilibrium is thus a condition of no net change. 

One particular group of reactants, operating under one set of 
conditions, constitutes a physiochemical system. An ice-water 
mixture existing at 0°C. and a pressure of 1 atm. is an example of 
a system. Further definition of the term is (Rhodes) A definite 
space containing one or more substances, and these only, at one 
definite temperature and pressure, constitutes a system.^' 

A component of a system is a chemical entity — an element or a 
compound. In the general cases discussed in this and in the 
preceding chapters, the components of the systems have been the 
hypothetical metals M and N (and L). In the ice-water system, 
previously mentioned, the compound H 2 O is the component. 
Rhodes^ has this to say concerning components'.^^ 

The components of a system may be chosen sometimes in more than 
one way, but as it is the number of components that matters, not what 
they are, their choice is severely limited by two considerations. (1) 
The components must not decompose into simpler forms at any of the 
temperatures or pressures to be used, or in any of the reactions involved. 
(2) Their number must be the least possible consistent with condition 
(1). Thus in studying water, the components are not two, hydrogen 
and oxygen, but one, viz., water, for water does not dissociate appreciably 
into oxygen and hydrogen until much above the temperature at which 
liquid water can exist at all. 

Binary alloys are, thus, two-component systems, ternary alloys 
are three-component systems, and the water-ice mixture is an 
example of a one-component system. 

A phase is any physically distinct, homogeneous, and mechan- 
ically separable portion of a system. At the temperature Im) 
the melting point of metal AT at a pressure of 1 atm., solid M and 
liquid M coexist indefinitely ; solid M and liquid M each constitute 
a phase of the system for each answers all of the several require- 
ments of the foregoing definition. Each is a physically distinct 
entity since it is separated from the other phase by definite physi- 
cal boundaries; each is chemically homogeneous, and each may 

1 Rhodes, “Phase Rule Studies,” Oxford University Press, 1933. 
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be separated from the other by purely physical iiuvins, as by 
ladling out the solid or by draining off lh(^ licpiid. 

In alloys forming single melts, any corni)osition above the 
liquidus constitutes a single phase; on cooling through the hetero- 
geneous field, two phases are pr(‘S(;nt, m(‘It and solid. Below the 
solidus, the circumstances of the solidification process necessarily 
determine the number of the phases present. Alloy.s which freeze 
with the formation of a continuou.s scuies of solid solutions 
(Group I) have but one phase in the solid state. Wln^re solid 
solubility is limited (Groups II6 and Ilia), tin* solid alloy.s may 
consist of two phases, both solid solutions. In th(i case where 
no solid solubility at all exists, th(‘re may also be two phases, as 
for example, in alloys of Group II6. In alloy systems where an 
intermetallic compound is prescuit, tiie compound is a phase. 
Eutectic, eutectoid, and peritectic reaction.s involve thrcM* phases. 

In a general physicoch<‘mical systiun, the (‘xternal, independ- 
ently variable factors which dete^rmine the e({uilibrium an^ thn‘(‘ 
in number — pressure, temperature, and phas<j concc^ntration 
(composition). In alloy syst(*ms, howevtu*, w(? commonly neglect 
the vapor phase since, at the tern p(‘ratu res ordinarily involved, 
the amount of this phase and its prf».s.sure (in (joinparison to th(‘ 
total pressure exerted on the system) an; small and incon- 
sequential; accordingly, we usually assunu* that tin* pn*.s.sure 
remains constant, henc(‘ ineff<*ctive in .shaping (‘(juilibriuin change. 
This leaves only temperature and ])hase {*()nc(‘ntratic)n as actively 
involved in determining equilibrium in .su<‘h (eondfuised, as they 
are called) systems. There exists, in many ca.sf^s, .some latitude 
in the way these two variables ma}' lx* sliifted ahmit without 
disturbing the equilibrium of the sy.stfun, that is to say, without 
causing one or more of tlie phase.s of the .systcun tc; di.sapp(‘ar. 
The number of th{*se variables that can bet indep(*n<lently varied 
without disrupting the* pha.se statu.s qtio of the systcun i.s known 
as the variahiliiy or the dccjree of frrrdom of tlie syslfun. In con- 
densed systems, the variability obviously can n(*v(*r f‘XC(S‘d 2. 
It may be 2, or 1, or 0. Systems which show no degree of f reedoin 
are said to be invariant, tho.se showing a single^ degrra* arf* calh‘cl 
univariant, and tho.se showing a maximum of two degns's are 
said to bi variant. 

The phase rule gives the relation.ship between the iiuinher of 
phases that can exist in a .sy.stem in term.s of the nurnhcT of the 
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compoiients and the degrees of freedom or variability of the 
system. The rule is as follows: The number of the phases added 
to the degrees of freedom is equal to the number of the com- 
ponents plus 2. Stated algebraically, the rule becomes 

P+F = C + 2 

where P = the number of phases, F = the degrees of freedom, 
and C = the number of the components. 

The above statement of the rule is for physicochemical systems, 
in general, for those wherein all three variables are operative. 
In condensed systems, the absence of the pressure factor auto- 
matically removes one degree of freedom, so (C + 1) and not 
(C “h 2) becomes the quantity to the right of the equality sign. 
The equation, thus modified for alloy systems, is 

P+F^C+1 

The best way to understand the rule is to apply it to actual 
cases; as one example where the application of the rule may be 
illuminating is the now familiar ice-water system. At 0°C., and 
under a pressure of 1 atm., ice and water coexist, 

It is a one-component, two-phase system. The degree of freedom 
of the system can be determined as unity, from the following:^’ 


The system is univariant; this simply means that at 0°C. water 
and ice can coexist only at one pressure, viz,, 1 atm. If the 
temperature is changed from 0°C., thereby exercising the single 
degree of freedom, the pressure becomes automatically fixed at 
another value, i,e., it does if the two-phase equilibrium is to he 
retained. The same is true if one utilizes the one degree of 
freedom to change the pressure on the system. Then the tem- 
perature where the two phases can continue in contiguous exist- 
ence becomes another definite value, quite outside man's control. 
That is to say that either the temperature or the pressure of this 
univariant system may be independently varied, but never the 

^ Strictly speaking this is a three-phase, hence invariant, system since 
the vapor phase is not entirely absent. 
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two at; any onn tinn*; thn choosing of what <nio shall lx‘, 
automatically d(‘t{‘rmin(‘s 11 h‘ value of the ot Inu’. 

All of the foregoing [ii)plies, of f‘ours(‘, only if th(‘ systenn is to 
remain intact, that n<; |)ha.s(? is to (lisap|K‘ar. To raise the 
temperature of the ice-water systeun ahov(‘ while maintain- 

ing the pressure at 1 atm., will result in the melting of the ice; 
to Iowan' the tennperatun^, uiuler th(‘ saim* circumstan<'(\s, will 
result in the freezing of th(‘ waten. In (‘it tun' ease*, om* of the 
phases disapp<^ars. To pres(*rvc‘ a biphasial <‘C|uilihriiirn in the 
system, one variable and one alon(‘, may h(‘ choH(‘n for variation. 

As further illustrative of tlu* ai)i)lication of tin* ])hase rule, let 



Fi<i. 3(j. Tli(* nhji.sial rciutif»iiHhipH in th«* ulh^yH of Groue 

US make use of Fig. 36, which is a n^production of tin* (‘(piilihrium 
diagram of the Group 1 16 s(‘ri(‘s. The s(‘ri(‘s (of nudals M and A- ) 
show^s coinpleU* licpiid solubility and a partial solid solubility 
which grows mor<‘ and mor<‘ dilute* with failing t(‘niperatures. 
Thi^ two t(*rminal solid solutions (alpha and beta} form an 
(‘Utectic at temp(*raturc 6, and at composition c. 

Siruxi wa* are d(*aling with a cond(*ns(*d systf‘m, tin* modified 
(iquation of the phase* ruk* is applieahh*: F + C /-* -f- 1. 

Field II is a two-phase fi(*id: the* imdl and the solid solution. 
The components of the systom, in(*tais Af and Ab an* two in 
number. The varialnlity of the* systc'in in this fif*Id is thus one*, 
for F 2 = 2 -j- 1, or F — 1. d'his me*ans that we* can vary, 
at wall, either the* temperaturei eji* the phase* (‘oneentrat ion, but, not 
both. Lf*t us see* Ikwv this univariuncet works e)Ut in praedice*. 
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Alloy (rr-a:') at temperature ti has just begun to freeze; the 
least bit of solid has formed. At this temperature, this bit of 
solid solution of composition c is in equilibrium with the melt of 
composition a, as 

Alpha solution ±::; melt 

Now, if we use the single degree of freedom that nature has allot- 
ted to us to change the temperature, say, to a lower temperature 
hy the concentration (composition) of the two phases changes to 
d and to b, respectively. Thus, by fixing the temperature, one 
also fixes the concentrations of the two coexisting phases, or look- 
ing at it from the other side of the equilibrium picture, a solid 
phase of composition c can exist in equilibrium with a liquid of 
composition a only at temperature To change either the 
temperature or the phase concentration will result inevitably in an 
automatic and proportionate readjustment of the other variable. 

Field VI is likewise a two-phase field for the two solid solutions, 
alpha and beta, are present. This is also a univariant field since 
at any temperature, as U, the concentration of each of the two 
solutions is exact and definite. 

The point e is an invariant point, for we have there an equili- 
brium in which there are three participating phases. The 
reaction at e, if we remember, is as follows: 

Alpha solution -|- beta solution ±=;: melt 

and the phase rule equation becomes F + 3 =2 + 1? that is, 
F = 0. Thus, one has no choice in the matter; the composition 
of each of the reacting phases is fixed and definite, and the 
temperature is likewise fixed and definite. For one to change 
either the phase concentrations or the temperature will result 
inevitably in the destruction of one or more of the phases. 

Fields I, IV, and V are single-phase fields and are therefore 
bivariant, for F + 1 = 2 + 1 , or F = 2. Strictly speaking, 
however, the phase rule is not applicable to single-phase systems. 

In the ternary system, L, M, and N (see model of Fig. 33), the 
ternary eutectic point E is an invariant point. There are four 
phases — three solid (metals L, M, and A), and the melt and 
three components. Thus, F + 4 =3 + 1, or F =0. But, it 
should be noted that the eutectic valleys, ci-F, Cs-F, and 
C 3 “F are univariant, although the limiting compositions, Ci, 62 , 
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and ez, on the one hand, and E on the other, represent invariant 
systems. Compositions along any eutectic valley are uni variant, 
for they are three-component three-phase systems. The satura- 
tion surfaces I, II, III are bivariant. 

In conclusion, it must be ernphasiz(‘d that the i^hase rule is 
not applicable to systems not in equilibrium. Th(‘ only possible 
value — indeed, the only h-gitiniate us(^ — of the rule in studying 
multiphase systems not in equilibrium is in the (‘hecking of the 
nonequilibrium character. If thci nundxT of phases present is 
more than the rule calls for, it becomes a c(U‘tainty that the 
system is still unstable, or perhaps metastablc. 

LeChatelier -Braun Principle.-— The j)luise rule, which concerns 
itself with the conditions under which the phases of a physico- 
chemical system may be in equilibrium, t<dLs us, however, 
nothing about the direcMon of tlui equilibrium shift that occurs 
whenever the conditions determining the (^fpiilibrium arf‘ changed. 
We' know, for example, from obs(U’vation that wh(*n tin* t<‘inpera- 
ture of an ice-wahu inixtunj is Iowi^hmI bedow ()®C., mc*anwhile 
holding the pressure constant at 1 atm., it is the li<piid which 
disappears, or that wh(m the tem]K»rature Ls raisf‘d above 0®O., 
under constant pressure, it is th(‘ ic(‘ which nndts. Our common 
experience in such matters tells unhesitatingly dinK'tion of 
the equilibrium change ensuing from (‘hang(* in temperature, 
one way or tlie otluu-. But such an (‘inpiric'al ni(‘thod n<*c{*ssarily 
fails us if the system in qinvstion happens to l>f^ onc‘ that lies 
outside our immediate expericmcc*. d'h(* Le( 'haftdier-Braun 
principle provides us with a reliable guide for ]>n*dicting, in 
any and all cas(‘vS, lh{‘ din^'tion in which equiHl)rium will move 
with variation in th(* causal conditions. ^Fhe j)nncipif‘ may 
1)0 stated in this way: When the conditions df‘tf*rniining the 
etiuilibriiim of a system an^ changc*d sf) that thfue n^sults a 
readjuvStm(mt of {equilibrium, the equilibrium sliifts in that 
direction which will most eff(ectively resist th{‘ iin|>osf*d (*hang<‘. 

An examph‘ or two should make tin* principh* ch‘ar. In th(‘ 
ice-water system, the observ(‘d (*ffect of low(‘ring tin* t(‘mp{‘rat un* 
below ()®C., the pressure meanwhih* rmnaining constant, is the 
disappearance (fre(^zing) of the* lifpiid ])has{\ The k)wcring of 
the temperature thxit is r(‘sponsihh‘ for tin* frf‘ezing is, in turn, 
the result of a removal of some heat eiu*rgy from the system, the 
freezing of the water is, on the oth{*r hand, an exotluTmic rf^action; 
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heat energy is made available for the system^ s use. Thus the 
shift in the equilibrium is in that direction which will tend to 
nullify the newly imposed conditions. 

The uni variant system water vapor (steam) is in equilibrium 
at 100°C., and at 1 atm. pressure. If the pressure of the system 
is raised, and the temperature remains unchanged at 100°C., 
the permissible degrees of freedom have been exceeded by one. 
Consequently the number of phases will be decreased by that 



Fig. 37. — Equilibrium diagram of *the copper-zinc system. {After Bauer and 

Hansen, 1927.) 

number. The particular phase to disappear will be the vapor 
phase, for condensation works against the applied pressure, 
eases up the total pressure on the system, since a definite mass 
of the compound H 2 O occupies less volume in the liquid than 
in the vapor state. 

The Copper -Zinc and the Iron-Iron -Carbide Series. — Before 
leaving the matter of heterogeneous equilibrium, it might be 
well to devote some attention to the equilibrium diagrams of 
one or two actual alloy systems. Perhaps the two most impor- 
tant industrial alloy systems are (1) the copper-zinc series, 
which forms the basis of the brasses, and (2) the iron-iron-carbide 
series, the basis of the steels and' the cast irons. The equilibrium 
diagrams of these two series are reproduced in Figs. 37 and 38. 


Temperature 


98 AN JNTliODUCTJON TO PHYSICAL MBTALLUPOY 

At first glance, each appears unusually complicated and involved^ 
but careful study will reveal that each is simply a composite of 
several features of one or more of the type diagrams that we 
have studied. Really nothing new is introduced in either 
diagram. A brief description of each diagram is given to 
assist in the interpretation. 

Description of the Copper-Zinc Diripram . — There aro fiv(‘ (iistinct solid solu- 
tions stable at room temperatures, a sixth (8) is stable? at teinp(?ratures above 
555°C. There are five peritectic reactions in thes(*ries, oiu? <?iite(!toid inver- 



Fi(i. — Kquilihriuni diu^rarn of tht? irori-irou-earbide system. 

sion, jiiid one instance (jf the formation of a ^^superstruetun*.”^ The origin 
of the six solid Hcjlutif>n.s is as follow.s: 

The alpha solution: 0 to 39 per cent zinc; face-centiTed euhic latfie(% 
{a = S.f)10-“3.r)88 A.j. Formed by primary erystalhzation ffr<‘ezing.) of 
the melt between 0 and 30 pc?r cent zinc. 

The beta solution: 39 to 59 per cfait zinc; hody-c{*nt(*red etdne lattice? 
(a == 2.95 A.). Formed (1) by the p(‘rit(?ctic react if>n at 905'"C. f'32.5- 
37 per c(?iit zim?); and (2) by th(? primary crystallization of the melt (from 
37 to t>2 i)(?r c<?nt zinc;. 

■ Bee p. 125. 
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The gamma solution: 59 to 67 per cent zi^c, -leo'iaplex cubic lattice of 
52 atoms (« - 8.86 k.). Originates as the result XJl-$-^he;^^idtgc tic re_ 
at 833°C. (56.5-62 per cent zinc); (2) the decon^&^io^'pf the^beta.^s^ , 
tion between 50 and 56.5 per cent zinc; (3) the primary cl^taijliitibirpl th^ 
melt from 62 to 81 per cent of zinc; and (4) the decomposition of the delta 
solution (the eutectoid inversion) between 72 and 75 per cent zinc. 

The delta solution: 70 to 76 per cent zinc (above 555°C.). Originates as 
the result of (1) the peritectic reaction at 695°C. (70-81 percent zinc); 
and (2) the primary crystallization of the melt from 81 to 88 per cent zinc. 

The epsilon solution: 78 to 87 per cent zinc; hexagonal close-packed lattice 
(a = 2.75 A.; c = 4.25 A.). Originates as the result of (1) the eutectoid 
inversion at 555°C. and 73 per cent zinc; (2) the primary solidification of the 
melt between 78 and 98 per cent zinc; (3) the peritectic reaction at 594°C. 
(77 to 88 per cent zinc). 

The eta solution: 87 to 100 per cent zinc; hexagonal close-packed lattice 
(a = 2.66 A.; c = 4.93 A.). Originates as the result of (1) the peritectic 
reaction at 425°C. (87 to 98 per cent zinc) ; and (2) the primary solidification 
of the melt between 97 and 100 per cent zinc. 

Description of the Iron-Iron~Cementite Diagram . — The iron— iron-carbide 
series illustrates the occurrence of a peritectic reaction, the formation of an 
eutectic and an eutectoid, and the changes (in carbon solubility mainly) that 
result from two polymorphic transformations. There are also two magnetic 
changes shown, one in iron at a temperature somewhat under 800°C., and 
another in the iron carbide (FesC) at about 215°C. It is interesting to 
note that the effect of increasing carbon is to raise sharply the temperature 
of the upper transformation (5 ^ t)j to lower that of the change occurring 
a little above 900°C. in pure iron, and to have no appreciable effect on the 
position of the magnetic changes . 

The ultimate phases present at room temperatures in any alloy of the 
series are iron (ferrite) (with a really very small amount of dissolved carbon), 
and iron carbide (cementite) But these two phases may occur differently 
in the several alloys. Only in the hypo-eutectoid alloys, that is, in those 
alloys with less than 0.90 per cent carbon, does ferrite exist as a distinct and 
separate metallographic constituent. This and the eutectoid {pearlite) 
are the two constituents present. In all other compositions of the series, 
ferrite is present simply as one component of the eutectoid. The iron 
carbide, or cementite, occurs as a free constituent in all compositions whose 
carbon content exceeds 0.90 per cent; of course, with ferrite, it is present in 
the pearlite in all of the alloys. The origin of the cementite of the different 
alloys varies. In the hypo-eutectoid alloys, where all the carbide is present 
in the pearlite, the cementite forms at the eutectoid inversion at tempera- 
tures above 700°C. In alloys whose compositions lie between 0.90 and 1.7 
per cent carbon, the cementite exists partly as free cementite and partly 
as eutectoid cementite. The free cementite forms as the consequence of 
the precipitation of this phase from the iron (gamma)-carbon solid solution 
along the line SE. The eutectoid cementite forms, as before, by the change 

1 This statement, and subsequent ones, should be verified by reference to 
Fig. 38. 
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of the residual solid solution into pearlite at about 700°C. Alloys between 
1*7 and 4.2 per cent carbon, i.e.y between the limit of maximum solubility of 
carbon in iron (gamma) and the eutectic point, have three varieties (as to 
origin) of the carbide, viz.y the eutectic cementite, the pro-eutectoid cemen- 
tite (that forming along line SE), and the eutectoid cementite. The hyper- 
eutectic alloys, those richer in carbon than 4.2 per cent, possess cementite 
from these three sources, and that from an additional source, viz.., that 
forming on primary solidification along BD, 



CHAPTER V 


THE MICROCONSTITUENTS OF ALLOYS 

The manner in which an alloy freezes chiefly determines its 
metallographic character and properties — this, and those changes 
that may occur in the solid alloy as it cools to room temperatures. 
In a few notable instances, as for example, when an eutectoid 
inversion is involved, these later occurring changes of the solid 
state are so devastating as quite to obliterate the original struc- 
ture of the alloy, but, generally speaking,, this is not so, and the 
much more usual consequence of a phase change in the solid 
alloy is a modification — perhaps, of some moment — rather than 
a complete dissolution of existing structures. Thus, for most 
alloys, one must go back to the particular events of solidification 
to find the source of its basic physical constitution. In spite 
of marked differences in freezing habit exhibited by the several 
type systems of alloys, and notwithstanding wide variations, 
in degree and in kind, of possible structural alterations that 
may follow freezing, there are surprisingly few primary micro- 
constituents of solid alloys; in fact, there are but three, and of 
these, two have representatives that so closely resemble one 
another in some of their properties that one cannot always be 
sure that he is dealing with a bona fide member of one group or 
with that of the other. These three, more or less metallo- 
graphically distinct, yet not always fundamentally distinguish- 
able primary constituents of alloys are pure metals, solid solutions, 
and intermetallic compounds. An examination of the equilibrium 
diagrams of the typical alloy systems described in the two 
preceding chapters, relative to the actual phases present at room 
temperatures, will confirm this as the correct number and 
classification. 

Our brief review (in Chaps, I and II) of what is known, or 
surmised, of the true nature of the metallic state was purposely 
confined to a description of the character and attributes of the 
pure metals. From that short discussion, one learned (a) of the 
essentially crystalline character of the metals, (6) of the existence 

101 
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of a definite arrangement and spacing of the atoms of a metal, 
and (c) of the assumed presence of ''free'' electrons within 
the metal lattice. The last was really a unique feature of 
the metals. There mention only was made of another unique 
characteristic, viz., a distinctive type of atomic bonding, the 
so-called "normal metallic kind of linkage." In this present 
chapter, where we shall have occasion to enlarge upon our notion 
of "metallicity" so as to include within the meaning of that 
term solid solutions and intermetallic compounds as well as the 
simple metals, we shall speak more explicitly, and at somewhat 
greater length, of this second, supposedly unique characteristic 
of metallic materials. 

From the point of view of microstructure, some alloys are 
simply constituted, their gross structure is elementary, for they 
contain a single primary constituent. This may be a solid 
solution or, more rarely, an intermetallic compound. Other 
alloys possess a duplex structure, where two of the primary 
constituents (as two metals, two solid solutions, a metal and a 
compound, etc.) are present, and microscopically distinguishable. 
Still other alloys are more complex. The properties of a simply 
constituted alloy are necessarily those of the single constituent, 
modified, of course, by the alloy's granular characteristics, such 
as grain size, grain orientation, etc. The properties of a 
multiphase alloy are, however, not so easily described; it 
may possess properties that may approximate the average of 
the properties of the individual constituents, and again it 
may show considerable departure from the calculated mean, for 
frequently the manner of the association, i.e., the particle size 
and number — ^the dispersion characteristics — of a constituent 
may be as important in determining the properties of the alloy 
as are the intrinsic properties of the constituent themselves. 

We shall, in turn, consider each of the three primary micro- 
constituents from two somewhat different points of view: First, 
we shall discuss the fundamental nature of each (this, in fact, 
has already been done in the case of the first constituent named — 
the pure metals), and secondly, we shall devote considerable 
attention to the matter of microstructure, that is, to the varied 
manifestations of the different constituents of metals and alloys 
as viewed under the metallographical microscope. In carrying 
out the first part of this twofold purpose, we shall make use of 
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anything that will aid us in definition or in identification; we 
shall find it again desirable to refer to metallic properties, in 
particular, as these relate to alloys. 


THE PURE METALS 

The nature and the fine structure of the pure metals have been 
discussed in Chaps. I and II, and seemingly adequately so; 



Fig. 39a. — ^Very pure hydro- 
gen-annealed iron. {Photograph hy 
Eppelsheimer.) 



. ■‘I ■ 

Pig. 396. — Electrolytic iron. 

Annealed. 100 X. {Photograph hy 



our present interest, therefore, will be mainly in a metabs 
microstructure. 

Two photomicrographs of very pure iron are given in Figs. 
39a and h; three photomicrographs of a commercially pure iron in 
Figs. 40a to 41a; and two photomicrographs of a still less pure iron 
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(really a mild steel with 0.08 per cent carbon) in Figs. 416 and 42. 
Perhaps, the difference most in evidence in these seven photo- 
micrographs is in the size of the grains composing the aggregate. 
In Fig. 39a, the grains shown are uniformly large, so large, in fact, 
that, even at the low magnifications employed, only a portion of 



Fig- 41<x. — Commercially pure iron. 
100 X. 


Fig. 416. — ^Low-carbon steel. 100 X • 


three grains is included in the area photographed. The grain size 
of the annealed electrolytic iron is also large (Fig. 396). The 
microstructures of the commercially pure iron (Figs. 40a to 41a) 



Fig. 42. — ^Low-carbon steel, 100 J<- 


show that the samples photo- 
graphed also varied considerably 
in grain size. These grain-size 
differences in the several samples 
of the same material are the result 
of differences in previous treat- 
ment history. The unusually 
large grains of the pure iron 
sample (of Fig. 39a) are also due 
to a thermal experience through 
which this particular metal has 
passed, and similarly — though 
because of an experience of 


another sort — is to be found the 


origin of the grain-size differences in one and the same sample — 
shown in Fig. 41a. In the photomicrographs, the several crystal- 
line grains are separated by hairlike boundary lines; the grains 
thus outlined are, in reality, allotriomorphic crystals of iron, or 
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ferrite (as iron is metallographically known), ^ and because these 
are three-dimensional affairs, the boundaries are enclosing films, or 
envelopes. In Fig. 416, we have a typical microstructure of a 
low-carbon iron-carbon alloy, a mild steel, containing about 
0.08 per cent of carbon. The light-colored areas are, of course, 
ferrite, and the darker ones are the carbon-containing areas 
(called pearlite ) . 

Grain size (and shape) and grain boundaries are two obviously 
significant features of granular aggregates. A third is grain 
orientation. We shall begin our study of the microstructural 
characteristics of metal aggregates by describing each of these 
terms. We shall consider orientation first. 

Orientation. — In the photomicrograph of Fig. 39a, and also in 
that of Fig. 406, one observes that there is some difference in the 
shading of the ferrite grains, that some are manifestly darker than 
others. Apparently, the light corrosive attack (etching) was not 
exactly uniform over the entire surface of the specimen. This 
condition cannot be due to any actual chemical nonuniformities 
in either the sample or in the etchant, but rather it is the result 
of a cooperative effect of what is, in kind, two heterogeneous 
conditions, of a purely physical nature, existing in the metal, viz., 
(1) the anisotropism of the individual grains comprising the 
aggregate, and (2) a difference in the relative placement, or 
orientation of these grains within the aggregate. The granular 
anisotropism — ^the first of the two mentioned — explains, as we 
have already learned, the directionalism in properties found in 
an individual crystalline grain; as an example of such might be 
cited the fact of the difference in electrical conductivity of a 
single copper crystal when this is measured in a direction parallel 
to a cube face (the 100 direction), and when it is measured at an 
angle to the face. If all of the anisotropic grains of an aggregate 
were orientated alike, i.e., if a particular plane of each crystallite 
(the 100 planes, for instance) showed a general parallelism 
throughout the mass of crystallites, any property directionalism 
exhibited by the individual crystallites would, necessarily, be 
passed along to the mass, and the aggregate, as a whole, would be 

^ Most of the microconstituents of the iron-carbon (or -cementite) series 
of alloys have been given specific names, the root of which if not descriptive, 
is derived from the name of some illustrious student of metallography; the 
ending is the usual mineralogical suffix -ite. 
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anisotropic, too. But such structural parallelism throughout 
crystalline masses is not of general occurrence, the far more usual 
thing is to find that the several grains of a polycrystalline metal 
are all differently positioned, or orientated with respect to any 
common crystallographic plane of reference. Thus, a random 
orientation of the crystallites of a metal produces the second type 
of structural heterogeneity mentioned above. 

While the properties of a crystalline complex composed of 
anisotropic units orientated at random are definitely nondirec- 
tional, or isotropic, since on the whole, differences of the individual 
units cancel one another, it does not mean that these differences 
do not locally persist. They do; for example, if the polished 
surface of a plane section cut through a metal is brought in con- 
tact with a mild solvent (etchant), as has been done with the iron 
specimens, solution will occur faster — or at least, it will occur 
differently — on the exposed surfaces of some grains than on those 
of others.^ Because of the difference in granular orientation, 
areas of somewhat varying susceptibility to chemical attack 
become exposed on sectioning, and there are, as a consequence, 
local differences in the rate, or in the manner, of attack, when the 
surface is etched. The exposed surfaces of some grains are so 
orientated that they become etched — in degree or in kind — so 
that when microscopically examined, it is found that most of the 
incident beam is dispersed, and that little light is returned through 
the tube of the microscope; these particular surfaces, as a result, 
appear darkened. Other surfaces, because of a different place- 
ment of the grains, respond to the etching attack, in a manner or 
to such an extent, that little dispersion occurs, with most of the 
light being reflected back into ‘the microscope’s field ; these areas 
of the surface appear relatively light. And, of course, we can 
have many intermediate degrees of attack, and thus many differ- 
ent shadings between the extreme dark and light. A varying 
orientation of the grains, in effect, makes the action of the etchant 
a selective one. 

While a random orientation of the constituent grains of a 
metal is the usual condition and may, therefore, be considered 
as the normal” one, it is by no means true that this state always 
prevails. One finds, on occasion, granular aggregates whose 

1 For the mineral selenite CCaS04 -f- 2 H 2 O), the velocities of dissolution 
for the three faces 100, 110, and 111 are in the following ratio : 1 : 1 .76 ; 1 .88. 
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crystallites depart considerably from a true helter-skelter arrange- 
ment, i,e.j where the grains, for one reason or another, assume a 
pref erred orientation. This does not mean that strict parallelism 
between the several grains exists — for this circumstance would 
imply the loss of granular identity — but rather that the grains 
tend toward this state of like orientation. It is a condition that 
is usually imposed from without. 

Grain Size and Shape. — ^Grain size is another term of metallo- 
graphic significance, and also one of considerable technical 
importance. The meaning of the term is obvious. A grain is, 
of course, a three-dimensional affair, and a plane section through 
the grain, as through any of those photographed, shows but two 
of these; indirectly, however, if the number of grains present is 
sufiScient to permit a statistical distribution, the section tells us 
something about the missing’^ dimension. A properly chosen 
section through a crystalline mass should then give one a fair 
notion of the average grain size of the sample. This, in fact, is 
the way that grain size is commonly determined, and size 
is reported in area units, as for example, square millimeters. 
Plainly, such a measuring method cannot safely be applied to 
areas which have a small number of unequally sized grains. A 
reliable evaluation of size in such specimens requires the explora- 
tion of large areas. 

What are the causes — one asks — of the difference in grain size 
so manifest in the photomicrographs? Quite naturally, grain size 
is the result of grain growth; but just why does grain growth 
proceed so differently in the different cases shown? To answer 
fully such questions would be to discuss grain size origins with 
that detail and thoroughness that the importance of the subject 
justifies, and this would now lead us too far afield; nevertheless, 
a brief general statement concerning growth causes might be 
worth while. 

At the outset, it is well to recognize clearly that some difference 
may exist between the mechanism and laws of crystal growth as 
these pertain to the birth and growth of crystals in melts during 
freezing, and those which control recrystallization in the solid 
state, as for example, the recrystallization of strain-hardened 
metal. In both cases, however, the primal urge is the same, viz.^ 
the tendency of all matter to assume the most stable form, i.e., 
the one possessing the least internal energy. This is, indeed, the 
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precise reason that crystallization occurs in the first place, for the 
crystalline state, as we have seen, represents a condition of lower 
energy content than the liquid state. In the former state of 
matter, the particular geometrical form of least internal energy 
is the one having least surface area per unit mass, that is to say, 
that the limiting condition of crystalline matter, as regards its 
energy state, is a single crystal of spherical shape. 

With respect to the ultimate grain size of a cast metal (or alloy), 
there are, according to Tammann, two determining factors at 



crystal growth rate (2). {After Tammann.') 

work during the solidification process : one of these is the rate of 
nuclear formation, and the other is the rate of crystal growdh. 
Whenever the latter, for any reason, becomes the more pre- 
dominant factor in the process, there are relatively few centers 
of crystallization, but these few nuclei grow rapidly into a few 
large grains, and the resulting solid will possess a generally 
coarse-grained structure. On the other hand, if the rate of 
nucleation is rapid as compared with the growth rate, a large 
number of growing crystalhtes marks the progress of freezing 
almost from the start, and the final solid will be fine-grained. 
The rate at which nucleation proceeds in a melt — the nuclei 
number, as Tammann calls it — is small immediately below the 
freezing point, but increases with the degree of undercooling to a 
maximum (curves 1 of u and h in Fig. 43). The value of the nuclei 
number for the metals is very large, while for slags and glasses 
it is low: with the former, it is impossible, by varying the condi- 
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tions of solidification (as for example, its speed), to secure any- 
thing but a crystallized aggregate, while with the latter class of 
nonmetallic materials, the production of an undercooled liquid 
is more frequent than otherwise. 

The second step concerned in crystallization is the growth of 
the several nuclei. The nuclear growth rate also increases as the 
temperature falls .below the freezing point, attaining eventually a 
maximum which may be, as regards temperature, either below 
or above the maximum on the nuclei number curve (see curve 2 
of a and h of Fig. 43). When the maximum growth rate is, in 
point of temperature, below the maximum rate of nucleation, as 
in (a) of Fig. 43, a large number of nuclei form, but any marked 
growth is delayed till somewhat lower temperatures are attained. 
A slow rate of cooling of the melt, therefore, brings a large number 
of nuclear crystals into the maximum growth range, and a fast 
rate only a small number. The first procedure obviously results 
in the production of the finer grained aggregate. When the maxi- 
mum growth rate occurs earlier than the maximum rate at which 
the nuclei will grow [(h) of Fig. 43], nuclei start growing vigor- 
ously as fast as they form. A rapid rate of cooling of the melt is, 
then, conducive to a smaller average grain size, since the sooner 
the maximum-nucleation-rate range is reached, the more promi- 
nent nuclear formation becomes in comparison with nuclear 
growth. 

The above statement that the final grain size of cast metals 
depends chiefly on the relative predominance of the rates of 
nucleation and crystal growth does not apply, without reserva- 
tion, to cases where polymorphic changes occur in the metal or 
alloy, since these later changes are of some consequence in deter- 
mining the final grain size of the material. The process whereby 
a new crystalline form, or even a new set of crystals of like 
form, is created from preexisting crystalline matter is known as 
recrystalUzation, a name which not only precisely describes the 
phenomenon but definitely allies it with its prototype, the 
formation of primary crystals from a melt. One common cause 
of recrystallization in metals and alloys is the occurrence of a 
polymorphic change. When a solid, polymorphic metal, of 
definite crystalline characteristics, including an average size of 
grain, cools to the transformation temperature, the original 
crystalline form becomes replaced by another that is quite new 
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and which possesses, in its own right, specific granular size and 
shape properties, though it may be true that some of the dimen- 
sional character of the old order is inherited by the new set of 
crystals. This greater or lesser independence of the new crystal- 
line aggregate from the parent one, in the matter of size of units, 
is found in the circumstance that recrystallization, like primary 
crystallization, is apparently nuclear in inception, that is to say, 
a crystal of one modification does not change info one of the 
other en masse, but rather the change occurs by a process that 
seemingly proceeds from numerous centers within the old crystals. 
The phenomena observed in Fig. 44, ^ though actually showing a 



Fig. 44. — Four “frames” of a film showing the transformation (surface) changes 
in iron at 904*^C. {Rogers and van Wert.) 

change on heating, appear to lend credence to this notion. The 
photomicrographs are four somewhat separated scenes’' 
(frames) from a continuous film, showing the polymorphic trans- 
formation of alpha iron into the gamma modification that occurs, 
on heating, in the vicinity of 904°C. The first scene" (a) shows 
grains of alpha iron covering the whole field, except the extreme 
right-hand corner of the frame where some transformation to the 
high-temperature gamma form has already taken place. This 
change is evident by the slight roughening of the hitherto smoothly 
polished surface of the specimen in that particular corner, a condi- 
tion brought about by reason of a volume change occurring when 
the body-centered form passes into the face-centered one. The 
wrinkling of the earth's crust by the geological processes responsi- 
ble for mountain forming is an analogous phenomenon. In 
(6), a "'scene" taken a fraction of a second later than (a), the area 
occupied by the transformed gamma phase is larger, and also, a 
new gamma area near the left-hand edge of the frame has now put 
in its appearance. Photographs (c) and (d) show still later (by a 
second or two) "scenes" in the episode, where further progress 

1 From a film “Surface Changes in Some Metals at High Temperatures,” 
by Rogers and van Wert (1931). 
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in the transformation has been made. Examination of the con- 
tinuous film, projected at the speed at which the fil m was taken, 
reveals a continuous progress of the change from -what appear 
to be different centers within the parent matrix. 

The final grain size of wrought (worked) metal is determined 
otherwise than by the freezing rate of the metal. This matter 
is pertinent in another connection, and for that reason a detailed 
consideration of the subject is reserved till we discuss, in the 
last chapter, annealing effects on the properties, including 
grain size, of cold-worked metal. When a metal (or alloy) is 
inelastically deformed and perma- 
nent ‘^set^^ occurs, the several 
grains of the metal matrix become 
fragmented and distorted. This 
fragmentation and distortion 
result from an intracrystalline 
movement of portions or '^blocks'’ 
of the individual crystals over 
one another, seemingly in an 
effort, on the part of the crystal, 
to forestall rupture. Thus, plastic 
flow in the crystalline metals takes 
place by ^^slip’’ mainly within Fig. 45. — A very low carbon steel, 

the constituent crystallites. This ?o°o reduction, 

manner of plastic flow quite 

naturally affects the micro-appearance of the grains, and two 
photomicrographs of cold-worked metal are reproduced here for 
what interest they may have. A photomicrograph of cold-rolled 
(to some 50 per cent reduction in thickness) metal is shown in Fig. 
45; the deformation (elongation) of the individual crystalline 
units is patent enough, but the actual granular fragmentation is, 
however, not shown at this low magnification (100 X). If this 
cold-worked crystalline mass, whose individual units have become 
crumbled and misshaped, is heated at the proper temperature 
for a sufficient length of time, an entirely new set of crystals — 
quite strain-free, whole, and of normal shape — replaces the 
old distorted and shattered ones. In other words, a proper 
annealing causes the strained crystallites to recrystallize. 

And, perhaps what is equally significant, the newly formed 
crystals reveal — under some circumstance, too eagerly, one 
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might add— the largely hitherto, latent powers of crystal growth. 
This particular attribute of a crystal, so passive and unobtrusive 
in the strain-free crystal that its possession may have been quite 
unsuspected, now actively asserts itself, and the little recrystal- 
lized units of the annealed metal grow vigorously, and to such 
dimensions as time, temperature, and other conditions permit. 
The difference in the grain size of the specimens whose photo- 
micrographs are shown in Figs. 40a and h is the result solely of a 
difference of some 225°C. in the temperature of annealing of two 
pieces of metal, cold-worked previously to the same amount. 
The time of annealing was, of course, the same in the two 
instances. The series of photomicrographs in the series of 
Fig. 165 shows the effect of annealing temperatures on the grain 
size of a previously deformed solid solution (of zinc in copper). 

Figures 41& and 42 illustrate the effect on grain size of a varia- 
tion in the time factor, of annealing (8 hr. vs. 1 hr. at 875®C.). 

The marked grain-size contrast found in the sample of iron 
photographed in Fig. 41a arises from the circumstance that the 
iron was deformed, previous to the heating, in a rather non- 
uniform manner, producing within the metal, a ^^strain-gradient ; 
this circumstance, with a critical annealing temperature, fre- 
quently results in an abnormal disparity in the size of the grains 
of a metal thus treated. The important matter of abnormal 
grain growth in cold-worked metal will claim its share of atten- 
tion during the consideration of general annealing effects in the 
last chapter. 

Finally, we should note another dimensional characteristic 
of metallic aggregates: The dimensions of the individual crys- 
tallites are, in general, the same in all directions, or as it is 
usually stated, the grains are equi-axed, Equi-axiation may be 
considered, then, the normal condition of the crystalline grains 
of a metal, and where this condition does not prevail, as in the 
samples photographed in Figs. 41a and 45, one should suspect 
unusual and disturbing circumstances to have intervened. 

The axial-length characteristics of allotriomorphic • grains 
are, of course, dependent on the shape of the grains. The shape, 
in turn, is determined largely, though probably not wholly, 
by the mutual interference of crystal growth from uniformly 
distributed centers of crystallization. In a few instances, it 
has been found possible to disintegrate polycrystalline metal 
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aggregates in such a way that the individual crystallites can be 
separated undamaged and in their entirety. An examination 
of these grains shows a predominance of pentagonal dodecahedra, 
i.e.j twelve-faced cells with each face five-sided. From theo- 
retical considerations, the tetrakaidecahedral cell (a fourteen- 
walled cell, with eight walls hexagonally shaped and the remaining 
six walls quadrilaterally shaped) seems 'Hhe most general 
solution of the homogeneous partitioning of space (Desch), 
but a study of foam cells, which are perhaps the closest approxi- 
mation to this ideal cell, shows a general distribution of faces 
similar to that shown by the crystalhtes from the disintegrated 
metals, i.e,, the five-sided faces occur most frequently while 
the four- and the six-sided faces demanded by the theoretical 
tetrakaidecahedral cell are next in order of frequency. 

Grain Boundaries. — In the photographs of the pure metals 
and of polyhedral solid solutions, it is evident that some sort 
of boundaries demark the limits of the individual grains. Because 
the grains are in reality three-dimensional units, the boundaries 
are enclosing films or envelopes. Whether the boundaries 
are something more than simple discontinuities between two 
differently oriented lattices of contiguous units remains to be 
proved. It seems likely, however, that they are true boundaries. 
If the boundaries which one sees have substance as well as form, 
interest centers naturally in just what is the boundary 

spaces. One explanation of the origin and character of the grain 
boundary given some years ago^ postulated that the boundaries 
consisted of unorganized, i.e., isotropic, metallic matter, the 
then called vitreous or amorphous cement. This vitreous 
cement assumedly was uncrystallized metal, that is metal that 
had become rigid for the same reason that glass becomes rigid, 
viz., by undercooling and not by actually crystallizing. The 
explanation of the supposed failure of the boundary metal to 
crystallize was an ingenious one, but one which modern X ray 
methods have shown to be inoperative. The explanation was 
that the last bit of still liquid metal situated between the 
crystallizing surfaces of two neighboring crystallites is acted 
upon simultaneously by the crystallizing forces of two differently 
oriented grains, with each grain trying to pull the liquid into, 
and to make it conform with, its own particularly oriented 

1 Rosenhain and Ewing, J. Inst. Met., 8 , 149 (1912). 
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lattice, with the result that neither succeeds and the residual 
metal, finding itself unable to do the one thing or the other, 
does nothing. It remains essentially a liquid — an undercooled, 
extremely viscous liquid. 

There are certain peculiarities of metallic behavior that lend 
credence to this novel hypothesis, but recent work indicates that 

“the atomic attraction is very weak at more than one interatomic 
distance and practically insensible at a distance of two atomic radii, 
(so) it is unlikely that liquid molecules, trapped between two growing 
crystals, would be so equally attracted by them as to remain in a random 
arrangement rather than attach themselves to either of the neighboring 
lattices.” (Desch.) 

An interesting speculation by Gough^ postulates the presence 
of truly crystalline matter in the intergranular spaces whose 
orientation changes continuously, or in small gradations, from 
that of the one to that of the other contiguous grain. He would 
thus assign to this crystallized intergranular metal a sort of 
mosaic structure, but one which is quite patently purposeful since 
the departure of the atoms on the lattice from strict parallelism 
provides a ^'bond^^ between two distinctly dijSferently oriented 
crystallites. 

SOLID SOLUTIONS 

a. The Substitutional Type of Solid Solution. — Any really 
adequate notion as to what constitutes the metallic state must, 
of course, be sufficiently catholic to explain the nature, behavior, 
etc., not only of the elemental metals, but also those of all 
primary intermetalline phases as the solid solution and the 
intermetallic compound. These two latter primary alloy 
constituents may be scarcely less metallic, with respect to any 
particular essential quality, than the pure metals themselves. 
We shall, accordingly, begin our discussion of the metallography 
of solid solutions by making the usual preliminary inquiry into 
the nature, properties, and kinds of solid solutions. 

In a pure metal, all lattice points are occupied by atoms of the 
metal in question, be that lattice cubic, tetragonal, or hexagonal.^ 

1 Trans. Far. Soc., November, 1927; see also, Marburg Lecture (1933), 
before A.S.T.M. 

- As most of our common, metals belong to one of the cubic lattice types, 
and because of the simpler architecture involved, we shall have this type 
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In a pure metal A, only A atoms are present and all lattice 
points are occupied by A atoms. Now, one may ask, what 
happens when a small amount of metal which forms a solid 
solution with metal A, is alloyed with A. What is the precise 
mechanism whereby the one metal — metal A, let us say — 
dissolves the other? The answers to these questions should 
tell us much about the nature of a solid solution. As a matter of 
fact, the act of simple or primary solution in the solid state can 
occur in one of two different ways. The more usual way — the 
one that may be considered the general case — is for the atoms 
of B to go into lattice positions normally occupied by the A 
atoms, by a simple replacement of, or substitution for, the latter. 
Whereas in the pure metal, A atoms occupied all of the available 
lattice points, in a solid solution some points are occupied by jB. 
The frequency with which the B atoms occur on A^s lattice in the 
solid solution will depend obviously on the concentration of 
metal B in the solution. This replacement of A by jB atoms 
takes place in a perfectly random manner; that is, it does in the 
general case. There is, for example, no apparent preference on 
the part of the ingoing B atoms as to whether they shall take up 
corner or center-of-the-face positions in — let us assume — the 
face-centered lattice of A. 

One interesting result of a simple alloying procedure, such as 
the one described, is the total disappearance of the characteristic 
lattice structure of metal B, for in the resulting solid solution 
only A^s lattice is found. This circumstance provides us with a 
convenient way of distinguishing between the solvent and the 
solute of a solid solution. The solvent metal is commonly 
considered the one whose lattice survives the alloying process, 
in the case cited, metal A. Metal B becomes then the solute 
metal. The basic lattice of a solid solution, ^.e., the lattice of the 
solvent metal, is called the host lattice, and the solute atoms on 
that lattice are known as the stranger atoms. For obvious 
reasons the solid solution itself is called the substitutional type 
of solid solution. 

The presence of stranger atoms randomly resident on a host 
lattice is naturally not without some modifying effect on the 


particularly in mind whenever lattice structures are mentioned in the dis- 
cussion that follows. Yet what shall be said specifically of this lattice is 
generally equally applicable to the other two less simple metal lattice types. 
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properties of the lattice and, in consequence, on the properties 
of the crystal itself. The solute atom, in going into a lattice 
not its own, surrenders none of its own intrinsic properties; it 
retains, as far as one can tell, all of its peculiar dimensional 
and mass characteristics such as atomic radius, volume, mass, 
etc. Moreover, it is in full possession of whatever forces an 
atom is normally free to exert upon neighboring atoms of its 
own or of another species. Quite expectedly then, a crystal 
whose lattice is tenanted by two different atom species will have 

some different properties from 
a crystal of the same basic 
lattice but whose points are 
occupied by atoms all of one 
kind. 

The strength 'properties are 

one group of properties that 

are affected by solid-solution 

formation — they are, in general, 
0 20 40 60 80 100 . j a va \ .u- 

At Per Cent Nickel improved. Solid solutions are 

Fig. 46. — Hardness of copper-nickel definitely harder and stronger 

than one, and perhaps both, of 
the two component metals of the solution, the maxi- 
mum hardness and strength occurring around equi-atomic 
concentration of the two metals (see Fig. 46). It has 
been suggested (Tammann) that the better strength propertiCvS 
of solid solutions are the result of the greater mutual attrac- 
tion of unlike atoms than of like atoms; that is to say, that it is 
simply a matter of a stronger and more cohesive lattice bond in 
solid solutions than that which is found in the pure metals. 
On the other hand, the < superior strength properties of solid 
solutions have been explained (Rosenhain) by an assumed divS- 
tortion of the host lattice wrought by the presence on that 
lattice of some atoms of a size different from those normally 
there. It is known that the presence of stranger atoms docs 
actually change the parameter of the host lattice, and that the 
change seems to be a function of the concentration of the solute 
(see Figs. 47 and 48), It is entirely conceivable that the 
effect of an individual stranger atom on its neighbors decreases 
with distance, those near being influenced most ; these host atoms 
are the ones that are pulled (or pushed) farthest out of their 
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equilibrium positions ou the lattice, whereas those atoms at some 
distance are scarcely affected. This results, obviously, in a 
warping of the normally straight and even atomic planes 
of the lattice, and in a distortion of the lattice as a whole. Defor- 
mation of such a lattice is, as 
a consequence, less easily 
secured. Whichever expla- 
nation is acceptable, the fact is 
that the better strength prop- 
erties of solid solutions are the 
result of a greater resistance 
offered to slip in this class of 
metallic substances than obtains 
for the simple metals; but 
whether this increased resist- 
ance is a consequence of stronger 
atomic forces acting, as the 
first explanation states, or „.eTe?s) 

Au-Pd, Au-Pt and Au-Ag systems. 
{After Stenzel and Weerts,) 



20 40 60 80 

Atom Percent 


whether, according to the 
second, intracrystalline slip is 
simply mechanically impeded because of the want of a perfect 
alignment of the atomic strata, one cannot be so sure. 

A second consequence of solid-solution formation is a marked 
increase in electrical resistance of the solid solution as compared 



Fig- 48. — Diffraction pattern of (A) pure copper, and (B) copper-nickel-silicon 
alloy (96 per cent copper). Hull, or Debye and Shearer method. Note that the 
diffraction “lines” in the alloy are shifted somewhat to the left as compared to 
the copper standard. This displacement is an indication of the change in the 
lattice parameter of copper due to the introduction into its lattice of 4 per cent 
of nickel plus silicon. 


to that of either of the two metals concerned. Two examples 
of this solution effect will suffice. An alloy of copper and nickel, 
two metals which form substitutional solutions, containing 
about 55 pe'r cent copper, has an electrical resistance of around 
30 times that of pure copper and 7 times that of pure nickel. 
Thus copper with its higher electrical conductivity actually 
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lowers the conductivity of nickel when dissolved in nickel. 
The effect of additions of zinc to copper, within the range w^here 
zinc and copper form a simple substitutional type of solution, 
is shown in Table 8. 


Table 8. — Electbical Conductivity of the High Copper Copper-zinc 
Alloys (Alpha Brass) 


Weight of Zinc, 
Per Cent 


Specific Electrical 
Conductivity 


0.00 

0.71 

1.56 

3.07 
5.51 

9.08 
18.02 
20.29 


63.10 

54.56 

46.88 

42.16 

33.22 

27.49 

21.00 

19.75 


It is interesting to observe that the effect on conductivity 
of a given weight of solute differs with the concentration of the 
solid solution, this effect being the greater in the dilute solutions. 


12 3 4 5 



Fig. 49. — Relative increase in resistance caused by 1 atomic per cent of various 
metals in copper. (.After Hume~Rothery.)^ 

For example, in the solution range from zero to 0.71 per cent zinc, 
the mean depressing effect on conductivity is 19 per cent per 
each per cent of solute added, while in the more concentrated 
range of 18 to 20 per cent of solute it is 7.4 per cent. 

The magnitude of the lowering effect on conductivity is 
apparently not independent of the nature of the solute atom. 
In Fig. 49 (after Hume-Rothery) is given the relative increase 
in the resistance of copper due to solution of 1 atomic per cent 
of various metals. The conclusion drawn from the results 
shown is that the increase in electrical resistance due to the 
addition of 1 atomic per cent of a solute metal is the larger the 
^ From W. Hum e-Roth ery’s *'The Metallic State," Oxford University 
Press, by permission of the publishers. 
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greater the distance, both horizontally and vertically, that 
separates the various solute metals from copper in the periodic 
table. Thus, the least increased resistance occurs with silver 
and gold which belong to the same group as does copper; mag- 
nesium, zinc, and cadmium of Group II give a somewhat higher 
resistance; aluminum of Group III still more; and with silicon 
and tin of Group IV and with arsenic and antimony of Group 
V the increase is greater still. A similar effect is produced by 
differences in the vertical distance between copper and the 
several solute metals. Of the Group I metals, gold has a greater 
effect on copper conductivity than silver, and of the Group II 
metals, magnesium has a greater effect than zinc. 

It is not readily apparent just why a lattice cohabited by 
unlike atoms, particularly where the number of the stranger 
atoms is relatively small, should result in an impairment of 
conductivity so marked as the cases cited show. Apparently, 
solid solubility severely limits the movement, or the number, of 
the electrons responsible for the assumed electron drift. 

Like electrical conductivity, the change in conductivity with 
temperature (the temperature coefficient of resistance) is com- 
monly much lower for solid solutions than for the pure metals. 
The changes in this property with increasing concentration 
of the solute metal are even more pronounced than in the case 
of conductivity itself- The 55 per cent copper-nickel alloy 
referred to as having a conductivity of about that of pure 
copper has a coefficient of resistance of only about Hoo that of 
copper. 

The density of solid solutions does not differ much from the 
calculated values; where an appreciable variation from what 


Table 9. — Densities op Some Copper-zinc Alloys 


Weight of zinc, 
per cent ! 

Observed 

density 

Calculated 

density 

0 

8.903 


3 

8.892 

8.87 

5 

8.867 

8.82 

10 

8.807 

8.72 

15 

8.745 

8.62 

20 

8.679 

8.52 
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one would expect exists (as in the alpha solutions of aluminum, 
zinc and tin in copper), the observed density is higher than the 
values calculated from the rule of mixtures. The densities of 
some copper-zinc alloys (alpha brasses) are given in Table 10. 

b. The Interstitial Type of Solid Solution. — Primary solid- 
solution formation infrequently occurs in a way whose mecha- 
nism is quite different from the one described above. In this 
second and less common method of solution, the solute atoms 
take up positions in the interstices or voids of the host lattice 
but do not actually go on the lattice as happens in the first type. 
We have in this solution type an instance of what, in effect, is 
solution by atom addition rather than one by atom replacement, 
yet as in the substitutional type of solution, the stranger atoms 
become part and parcel of the host lattice structure. These 
solid solutions are known as interstitial solutions, and they may 
form whenever the solute atom is relatively much smaller than 
the atom of the solvent metal. Such a case is the solid solution 
of carbon in iron. As one might expect from our knowledge of 
the properties of the substitutional solution, the entrance inter- 
stitially of foreign atoms into the lattice of a host metal is of some 
effect on the properties of the latter; the effects in the two cases 
are in general similar in that the same properties (density, 
electrical conductivity, strength properties, etc.) are involved. 

The comparative smallness of the solute atom, or the fact 
of their off-lattice position, or perhaps a combination of the 
two circumstances, probably accounts for the observed greater 
rate of diffusion in interstitial solid solutions than is found in 
the other type. This is rather surprising in view of the generally 
much lower solubility ranges found in interstitial solutions, for 
obviously an atom to diffuse must be in solution. In alpha iron, 
where the solubility of carbon does not exceed 0.035 per cent 
at 700°C. and is less than 0.01 per cent at room temperatures, 
carbon diffusion occurs readily at 630°C. 

There are a large number of examples of substitutional solid 
solution among the industrial alloys. Indeed, most of our more 
important alloys are of this class. Mention has already been 
made of the high copper copper-zinc alloys, the brasses, in which 
the face-centered cubic lattice of copper forms the basic lattice. 
Sister alloys, also substitutional' solutions, are the high copper 
alloys of tin (bronzes) and with aluminum (aluminufn bronzes). 
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In addition to the simple binary alloys of copper, there are a large 
group of ternary alloys where a third metal is present. We have 
then three different kinds of atoms resident on the basic lattice. 
One such alloy is a copper-zinc-nickel alloy known as nickel silver. 
The very important aluminum-rich alloys containing copper or 
zinc are also examples of solid solutions of the substitutional 
type where copper (or zinc) atoms occupy definite points on the 
face-centered aluminum lattice. Typical alloys of the inter- 
stitial type of solid solutions are those of carbon, nitrogen, and 
hydrogen with iron. The iron-rich quaternary alloys of iron- 
nickel-chromium-carbon (the stainless steels) are examples of 
alloys where both modes of solid-solution formation occur in one 
and the same alloy. The nickel and chromium atoms occupy 
lattice points on the basic (iron) lattice, replacing iron atoms 
thereon, while the carbon atoms are interstitially positioned. 
The photomicrographs of several of these solid-solution alloys 
are given in Figs. 50 to 52. 

Primary and Secondary Solid Solutions. — The substitutional 
and the interstitial types of solid solutions possess a common 
character: Each derives its basic lattice from one of the metals 
involved in solution, to which metal are assigned the name and 
attributes of the solvent of the solution. Solid solutions in 
which the lattice of at least one metal concerned survives the 
alloying process are known as primary solutions. All of the 
solid solutions mentioned in the preceding paragraphs are primary 
solid solutions. Each has for its basic lattice the lattice of one 
(the major) constituent metal. There are binary solid solutions, 
however, whose lattice structure differs from that of either metal, 
and these are known as secondary solid solutions. 

If we turn back to Chap III, we shall find that in the type 
equilibrium diagrams described there were at the most but two 
solid solutions in any particular system. Both were primary 
solutions, the alpha solution, an Af-rich solution with metal Af ’s 
lattice as its basic lattice, and the beta solution correspondingly 
related to metal N. Some of these type diagrams admit of 
expansion so as to include more than two solutions, as, for 
instance, the diagram of the Group Ilia alloys (page 69). In 
the Group Ilia diagram, the second {fii) solution originates as the 
result of a peritectic reaction between the initially formed alpha 
solution and the melt. It is possible to introduce a second 
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peritectic reaction in the series where pro-peritectic solid ^ 
reacts with the melt to form a third solution, which is commonly 
designated by the third letter of the Greek alphabet, y. This 
possibility can be still further extended so as to produce other 
solutions, as 5, €, etc. In the copper-zinc system (also the 
copper-tin, copper-aluminum, etc.), there are actually five or 
six of these solutions. 

A trisolution peritectic series is given in Fig. 49^, which is, as one 
can see, simply an extension of the bisolution series of Group Ilia. 



Fig. 49a. — Modification of type equilibrium diagram of Group Ilia alloys. 

The two solutions at the end, the terminal solid solutions alpha 
and gamma, are primary solutions; that is, each has the distinc- 
tive lattice of its major metal. The intermediate solution has a 
lattice that differs from that of either metal M or N, It is by 
definition a secondary solid solution. In the copper-zinc system 
(see Fig, 37), the alpha solution has the face-centered lattice of 
copper, the eta solution at the zinc end of the series has the hex- 
agonal lattice of zinc, while the beta solution, the first of the four 
intermediate phases, has a body-centered cubic lattice. 

Secondary solid solutions are interesting metallographic enti- 
ties; many of them are structurally complex and (with the inter- 
metallic compounds) belong to that group of metallic materials 
whose nature and character are yet largely enigmas. Some of 
the secondary solutions, notably the beta solutions of the copper 
systems, are rather metal-like in their properties; they are, for 
example, only a little less plastic and tough than the alpha solu- 
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tioiis, or even than copper itself. But others of their kind depart 
far from real ^^metallicity,” they are poor conductors of heat and 
electricity and they are notoriously brittle. The gamma solutions 
of some copper systems afford instances of secondary solutions 
which definitely lack many of the common metal properties. 
They resemble the intermetallic compound group of metallic 
substances which, too, are characterized by a want of toughness 
and which possess a relatively 
high electrical and thermal 
resistance. The absence of 
welhdeveloped plastic properties 
in these secondary solutions is 
properly ascribed to their com- 
plexity. The quasimetallic 
gamma solutions of the copper 
series referred to have a unit cell 
of 52 atoms, which can be 
distributed obviously in no 
simple fashion. 

Symmetrical Solid Solutions. 

It has been stated that in 
the general substitutional type 
of solid solution the solute atoms 
are distributed in a perfectly 
random and irregular manner. 

This absolutely indifferent 
attitude on the part of the 
ingoing solute atom in the 
matter of w^here it shall abide 
universally true. Some exceptions, however, have been 
observed. One flagrant — though not the only violation of 
the general rule of random distribution of solute and solvent 
atoms on the basic lattice — is afforded by the copper-palla- 
dium alloys. This is a normal substitutional type of solu- 
tion series, and under the usual homogeneization (annealing) 
treatment any alloy of the series will show the copper and the 
palladium atoms randomly distributed with respect to one 
another; that is, each atom^s place on the lattice is determined 
solely by chance. But if certain alloys of this series, specifically 
those in w^hich the ratio of the number of atoms of the two metals 

1 From W. Hume-Rothery’s ‘'The Metallic State,” Oxford University 
Press, by permission of the publishers. 
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Fig. 49Z). — Electrical resistance of 
the copper-palladium series. The 
full line is the resistance of non- 
symmetrical solutions, the broken 
line that of the symmetrical solu- 
tions in the neighborhood of 75 
atomic per cent copper. {After 
Hume-Rothery.) i 

on the host lattice is all but 
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Fig. 50, — Copper-zinc alloy (70 
per cent copper), 100 X. (Photo- 
graph by students in Harmrd Metal- 
lurgical Laboratories.) 



Fig. 51a. — Copper-nickel-zinc 

alloy (nickel silver). Cu = 55 per 
cent, Zn = 25 per cent, Ni = 20 
per cent. 100 X. (Photograph by 
students in Harvard Metallurgical 
Laboratories.) 


randomly positioned arrangement of the two atomic species no 
longer exists, for the palladium atoms are, for the most part, now 










Fig. 516. Copper-zinc-tin alloy, showing three microconstituents, all solid 
solutions. The twinned constituent is the ternary alpha solution, the gray areas 
outlined in white are the beta solution, and the white edging is the delta. 1000 X . 
(Photograph by Wilson.) 

located at the cube corners and the copper atoms are generally 
concentrated in the center-of-face positions. This variant of the 
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general case is known as a symmetrical solid solution, sometimes 
referred to as a superstructure. 



Fig. 52a. — Iron-chromium-nickel- Fig. 525. — Silver-indium alloy (4 
carbon alloy (stainless steel) . Nom- per cent indium). 100 X. {Photo- 
inally, 18 per cent Cr, 8 per cent Ni, graph by Jarrett.) 

0.03 per cent C, and the remainder 
Fe (gamma). 100 X. {Photograph 
by students in Har'oard Metallurgical 
Laboratories.) 

Superstructures can occur also in secondary solid solutions. 
In the copper-zinc alloys containing the beta solution (43 to 61 per 
cent copper), the change (/3 ±=; jS') 
at 470° to 453°C. is known to be 
associated with the develop- 
ment of a symmetrical beta 
solution (called the /^'-solution) 
on cooling, and the reverse 
change on heating. 

The exothermic nature of the 
change indicates that the 
internal energy of the sym- 
metrical solution is less than 
that of the solution in which 
fortuitous distribution prevails. 

The electrical resistance is also 
lowered by the assumption of 
a symmetrical arrangement (see Fig. 496). 

Microstructure of Solid Solutions, a. The H omogeneized 
Solid Solution. — When, by a suitable thermal treatment, all 
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original inequalities in composition existing in the alloy by 
reason of selective freezing have been corrected, the microstruc- 
ture of a solid solution does not differ essentially from that of a 
pure metal. Photomicrographs of several homogeneized solid 
solutions are given in Figs. 50 to 53. All show the polyhedral 
or network structure that we have learned to associate with the 
micro-appearance of the pure metals. In Fig. 50 (also Fig. 146), 
we have the microstructure of a copper-zinc alloy (alpha brass) 
containing 70 per cent copper. This is a representative solid 
solution of the substitutional type with copper as the host lattice. 
In general micro-appearance the structure is not unlike that of 
copper. The color of the alloy is, of course, yellow, whereas 
copper would be reddish. A difference in etching attack, the 
result itself of a difference in orientation, accounts for the differ- 
ence in shading of the grains from light to almost black. Color 
differences are again not due to varying chemical composition 
between the constituent crystallites, for all are chemically 
identical. A microfeature not found in the structure of the body- 
centered iron is found here. Many of the grains show quadri- 
lateral areas extending across the grain. These portions are 
bounded by perfectly parallel sides, and the portion of the grain 
enclosed within the area is shaded differently from the remainder 
of the grain. Evidently, orientation differences between the two 
parts are responsible for the difference in etching effects. We 
have here what crystallographers call a twinned crystal, and the 
two portions of the crystal — the twins — are rotated exactly 
180 deg. to one another. Twinning of this type is common in 
metals and alloys which have a face-centered cubic lattice and 
which have been annealed subsequently to straining. Profuse 
twinning is shown also in the silver-indium alloy (Fig. 526). 
The- microstructure of a ternary solid solution (primary) of the 
substitutional type (zinc and nickel in copper) is shown in Fig. 51u. 
This alloy, owing to its lower copper content and to the superior 
"'whitening power of nickel, is silvery white in color. Twinning 
is in evidence. Another ternary alloy, but this one consisting 
of three distinct micro constituents, is shown in Fig. 516. Figure 
52a shows the microstructure of a quaternary alloy. 

Figure 53 gives the structure of a secondary solid solution; it 
is the beta solution of the copper-zinc series. Note the large 
untwinned grains. In the next illustration (Fig. 54) we have 
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both a primary and a secondary solid solution in the same 
alloy, the alpha (dark) and the beta solution in a 60 per cent 
copper brass, and in Fig. 55 the corresponding alpha and delta 



Fig. 53. — Copper-zinc alloy (52 
per cent Cu). Beta brass. 100 X- 
(Photograph by students in Haroard 
Metallurgical Laboratories.) 



Fig- 54. — Copper-zinc alloy (60 
per cent Cu). Alpha and beta (light) 
solutions. 100 X. {Photograph by 
students in Harvard Metallurgical 
Laboratories.) 


solutions of the copper-tin series. Figure 52c gives the photo- 
micrograph of a primary solid solution of two body-centered cubic 


metals, iron and columbium. 



Fig. 55. — Copper-tin alloy (SO per 
cent Cu). Alpha and delta (light) 
solutions. 100 X. {Photograph by 
students in Harvard Metallurgical 
Laboratories.) 



Fig. 56. — Copper-silver alloy 
(cast). 100 X. {Photograph by stu- 
dents in Harvard Metallurgical 
Laboratories.) 


b. The Unhomo geneized {Dendritic) Solid Solution . — The char- 
acteristic microfeature of a fully homogeneized solid solution is 
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the presence of definite and well-defined polyhedral crystalline 
grains, randomly oriented. This is not the initial condition of the 
alloy, as originally cast, but a condition that has been brought 
about by a proper sequence of mechanical and heat-treating 
operations. The original, cast structure of solid solutions is quite 
another story from that told by the foregoing photomicrographs. 
In Figs. 56 to 62 are shown seven photomicrographs of cast 
alloys, and the peculiar structure there exhibited is known as the 
dendritic (treelike) structure. The individual units (as in Fig. 57) 



Fig. 57 , — Aluminum-silicon-so- 
dium alloy. Dendrites of an alumi« 
num-silicon solid solution in an 
eutectic matrix. 50 X. {Photo- 
graph by students in Harxard Metal- 
lurgical Laboratories.) 



Fig. 5S. — Same as Fig. 57, but 
showing the eutectic resolved. 500 X . 
(Photograph by students in Harvard 
Metallurgical Laboratories.) 


are called dendrites. It will be observed that the polyhedral 
granular structure of pure metals and of homogeneized solutions 
is absent. 

The formation of the somewhat fantastically appearing 
dendrites hi a solid solution is a consequence of the particular, 
i.e., selective, manner of freezing of these substances, of which 
we learned in Chap. III. When a molten metal or alloy is slowly 
cooled to its freezing point, solidification begins at various centers 
in the melt; the freezing process then continues to completion with 
deposition of more solid (crystallized) matter on the nuclear 
crystals: in other words, the initial nuclei grow by accretion. 
Ihis accretive growth, however, is not uiiiforni. I5ach little 
nuclear crystal grows faster in certain directions than in others, 
with the three principal axial directions as the preferred directions 
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of growth. The ultimate result, with respect to each growing 
crystalline unit, is the production, first, of a solid dendritic 
skeleton, followed by the filling in of the skeletal framework. 
The stages in the formation of such a dendritic crystallite are 
diagrammatically shown as in Fig. 63. In (a) of Fig. 63 is shown 
an early stage in the development of a dendrite where two major 
axes (the third being normal to the page surface) are forming from 
a single nucleus, originally at the intersection of the axes. In 
(£>), we have a somewhat later stage in the dendritic development, 


where growth has enlarged 
the axes, radially and longi- 
tudinally, and where second- 
ary axes, paralleling the major 
axes, are beginning to form. 
In (c), which represents the 



Fig. 59. — Dendritic structure in a 
cast steel. 0.40 per cent carbon. 
100 X. {Photograph by Chow.) 



Fig. 60. — Dendritic structure in steel. 
0.40 per cent carbon. {Photograph by 
Chow.) 


final stage in dendrite formation, occurs the filling up of the 
interstices between the several axes tvith more crystalline metal. 

In such a manner, pure metals and ’solid solutions freeze. 
The resulting solid mass is an aggregate of a great number of 
Juxtapositioned, even interlocking dendritic crystallites, or 
dendrites. But there is one fundamental difference between 
dendritic formation in pure metals and in solid-solution alloys. 
In a pure metal, the several ax(‘s — th(‘ majors, the various sets of 
minor axes— and the interstitial metal, the fillings, so-called, 
are all chemically alike. All are pure metal and nothing else. 
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In point of time of origin, the various parts of a pure-metal 
dendrite may differ, but each portion is of a composition identical 
with every other portion. But because of the selective nature 
of the freezing mechanism of a solid solution, where the crystalli- 
zing solid varies in composition continuously from beginning to 
end, the first portions of a dendrite to form differ chemically 
from those forming subsequently. Consequently, and despite 
diffusion's mitigant effects, a solid-solution dendrite is chemically 
rather a heterogeneous affair. The major axial portion of such 



Fig. 61. — Dendritic structure in Fig. 62. — Dendritic structure in 

cast silver-copper alloy (1 per cent bronze (20 per cent tin). lOQX. 

silver). 100 X. 


a dendrite will differ somewhat ehemicallyi from the later 
forming secondary axes, and these ia turn will be different from 
the finally forming fillings. This sort of heterogeneity is a form 
of segregation— dendritic segregation, it is called— and is an 
inevitable concomitant of dendritic formation whenever the 
separating solid differs in composition from its parent melt. 

In cases where restricted solid solubility exists, as in case Ila, 
the limit of solubility may be reached before dendritic formation 
is complete; i.e., the latter parts of the dendrite — the fillings — 
will he occupied by a simple mixture (eutectic). This is the 

* Comparatively poorer in the element which causes the depression of the 
freezing point. 
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condition prevailing in the alloy of Fig. 57. Not only the 
dendritic fillings, but the general matrix of this alloy is such an 
eutectic. 

The lack of chemical heterogeneity in dendrites of the pure 
metals precludes the possibility of revealing their dendritic 
nature by etching methods which depend for their action on 
differences in composition. In solid-solution dendrites where 
segregation does occur, dendritic structure is made manifest by 
etching. Dendritic existence per se is not revealable by etching; 
dendritic segregation is. 

A solid-solution dendrite, as the original individual unit of 
crystalline matter, may (does) of its own accord disintegrate into 
smaller units — micrograins — by the process known as granulation^ 



Fig. 63. — Stages (diagrammatic) in the formation of a dendrite. 


but the accompanying segregation may not be destroyed so easily. 
(See Fig, 161.) Annealing at high temperatures, and particularly 
annealing following cold deformation, may permit diffusion to 
take place to the extent where little or no chemical inequalities 
exist. But dendritic segregation is often extremely persistent 
and its survival after many heat and mechanical treatments is 
one indication of the tenacity and lastingness of certain effects 
of some inceptive and early conditions in an alloy^s history, 

INTERMETALLIC COMPOUNDS 

It is perhaps not surprising that the metals should form 
compounds among themselves, and that these compounds should 
possess, in general, some of the more characteristic properties of 
all chemical compounds, as constancy of melting point, definite 
combining ratios, etc. Two examples of a large number of 
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iiitermetallic compounds are copper aluminide, CuAl 2 , found 
in tlie copper-aluminum system, and copper stannide, CuaSn, 
found in the copper-tin alloys. Another very important com- 
pound technically, because it is found in the steels and cast iron, 
is iron carbide, FesC; it is, however, a compound of a metal with 
an alloying nonmetal. In these compounds the ordinary rules 
of valence are violated. This particular nonconformity on the 
part of intermetallic compounds is a general condition, though 
exceptions exist; it is an indication that chemical combination 
among metals is not altogether like the more common kind of 
chemical union responsible for compounds like sodium chloride, 
copper sulphate, etc. 

The properties of intermetallic compounds are quasimetallic. 
Usually they are hard and brittle substances, though an accurate 
evaluation of the strength properties is impossible because of 
their extreme brittleness. The electrical conduction is uni- 
formly low as compared to the elemental metals. One could 
rightly expect that the usefulness of intermetallic compounds 
would be severely limited. Yet in many alloys they are a useful 
constituent, though rarely are they ever present except in small 
amounts. When present in limited quantities, they affect 
(increase) the strength properties, but more often their function 
is toward a specific purpose, for example, they are the ^^hard- 
eners” in most age-hardenable alloys, they are the load-bearing 
and antifriction constituents of some bearing metals, and they 
act as a mechanical obstruction to grain growth in other alloys. 

What few intermetallic compounds have been investigated 
by X ray diffraction methods have been found to possess a com- 
plex fine structure. AgsAl and CusSi, for example, have unit 
cells of 20 atoms each, divided into two groups of 12 and 8 atoms, 
respectively. We have seen that in a truly nonsymmetrical 
solid solution the solvent and solute atoms are randomly dis- 
tributed with respect to one another. In their fine-structural 
characteristics, intermetallic compounds are somewhere between 
solid solutions and the “ideal chemical compound” of West- 
gren’s^ description; they are intermediate in character, for 
while like atoms may not all be similarly situated, their distri- 
bution in the lattice is not determined altogether by chance. 
But structural intermediacy is not the only indefinite attribute 

^ Westgeen and Pheagmen, Phil Mag,, 6, 50, 311 (1926). 
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of intermetallic compounds; their method of atomic linkage is 
also apparently a sort of a compromise between two ideal bond- 
ing types. And, perhaps, in this circumstance we have our 
best criterion by which one can judge an intermetallic com- 
pound's nature. 

On the basis of the modus operandi of the attractive forces 
acting, there are two distinct kinds of bonding in crystalline 
substances, two ways by which the constituent atoms of a 
crystalline solid are held rigidly in a lattice. One of these ways 
acts essentially through actual transfer of electrons from the one 
atomic species to the other. This is the manner of bonding 
found in all common ionic compounds, as, for example, sodium 
chloride, whose simple cubic lattice was illustrated in Figs. 6 and 
7. In this compound, the positive sodium atoms with an elec- 
tron distribution of 2-8-1, in the first, second, and third rings, 
respectively, have each a single electron in the outer ring in excess 
of that required for a symmetrical distribution. This super- 
fluous electron is surrendered to the negative chlorine atom, 
whose 2-7 electron distribution gives an outer ring that is 
structurally asymmetrical by a single electron. The cession of 
one electron by the sodium atom to become a positively charged 
sodium ion, and the acquisition of an additional electron by the 
chlorine atom, making it a negatively charged chlorine ion, 
provide the necessary electrostatic conditions for stable chem- 
ical union and for a rigidly bonded crystalline lattice. This 
electron-transfer type is commonly known as the ionic or electro- 
valent type. As stated, our common chemical compounds 
of the sodium chloride type belong here. 

The second kind of bonding results from a sharing, rather than 
from an actual transfer, of electrons by the two kinds of atoms. 
A certain, identical number of electrons of each of the two atoms 
concerned participate equally in the union, yet neither the one 
atom ever relinquishes full ownership of its own electron, nor 
does the other acquire full possession. This is the covalent or 
homopolar type of bonding. The diamond is a typical example 
of this kind of bond, where each tetravalent carbon atom is sur- 
rounded tetrahedrally by four other carbon atoms. While the 
true homopolar bond produces substances which are quite 
nonmetallic in character and properties, the “normal metallic 
kind of linkage” — to use Bernahs phrase — is of this particular 
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type, but it is a case of imperfect homopolarity, differing from 
the true type to the extent in which electronic interchange is 
possible. In the metals of Group I (sodium, potassium, etc.), 
whose high atomic electrical, conductivity definitely stamps them 
as among the truest metals, the possibility of electron sharing in 
the homopolar bonded lattice is really quite free and unrestricted. 
This case represents an extreme variant of true homopolarity. 
The other extreme is exhibited by the diamond lattice. Here 
the shared electrons are so firmly held by the participating atoms 
that, except under high electrical potential when rupture of the 
linkage may occur, the substance is a nonconductor. While the 
freedom of interchange of electrons naturally varies with the 
individual homopolar solid, the comparatively much greater 
freedom enjoyed by the metals in this matter justifies Bernal’s 
name (^^normal metallic kind of linkage”)- 

This brief review of the notions concerning the origin and 
nature of the forces holding solid substances rigidly together 
brings us to the point where we can more intelligently discuss 
the not as yet too well known nature of intermetallic compounds. 
An intermetallic compound may be defined as an intermediate 
metallic phase in which chemical combination has taken place, 
either as the result of electron transfer or of electron sharing. 
Thus, at the outset, we are confronted with the fact that the 
causal combining forces in an intermetallic compound may act in 
one of two ways. These, on the one hand, may operate as in 
the ionic or saltlike manner when actual electron transfer occurs, 
or they may achieve a similar result by the atoms merely sharing 
electrons. This gives us the homopolar or the diamond type of 
bonded lattice. The quasimetallic character and conduct of 
intermetallic compounds originate in their assumed possession, 
in varying- degrees, of the metal type of bonding, that is to say, a 
covalent bond of wide freedom of electron interchange. This is 
supposed to be true of the basically ionic intermetallic com- 
pounds, in which cases some electrons escape actual transference 
to form a loose covalent tie. However, some of the metallicity ” 
of ionic intermetallic compounds may arise from the circumstance 
that the negative ion is not very stable and tends to liberate 
electrons on provocation. It seems that we must be content, for 
the present at least, wdth this highly speculative explanation of 
the sources of an intermetallic compound’s metallic nature and 
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behavior. We shall next consider another matter of like obscur- 
ity, viz., a metahs valence in its intermetallic compound. 

First, concerning the fact itself. In the chemical compounds 
which the metals form among themselves, we do not commonly 
find, as has been noted, that the two metals are united in, the 
proportions that the usual rules of valence prescribe. One 
example, already cited, the technically important compound 
copper aluminide, CuAU, has one atom of copper combined with 
two atoms of aluminum to form one molecule of the compound. 
Now, aluminum has a usual valence of three, ■which v^ould give 
copper a valence of six in the compound, whereas, as is well known, 
copper’s valence is either one or two. Further instances of 
intermetallic compounds, illustrating similar or even more glaring 
irregularities in valence relationships, are: Cu 2 Zn 3 , CusSn, Mg 2 Sn, 
AuCu. Nonconformity appears to be a rather general occurrence. 
The reason for this has been given essentially as follo-ws: 

. . . the essence of chemical combination (is) that the atoms share or 
exchange electrons in such a way that stable groupings are formed, and 
the so-called valency rules of the ordinarily nonmetallic compounds 
of chemistry are the result of two facts, viz., firstly, that certain definite 
numbers of electrons constitute stable groups (usually octets), and, 
secondly, that all the available valency electrons are used up and 
bound into the stable groups. It is because ail of the valency electrons 
are employed, that the metallic properties of the constituent elements 
are lost in the compound. Consequently, it is at once apparent that, 
if free electrons are left over so as to make a truly metallic compound, the 
valency relations must in general be different from those in the normal 
compound in which all the valency electrons are used up.” (Hume- 
Rothery, “ The Metallic State,'' page 329.) 

The use of the novel concept “ compounds of variable composi- 
tion” is an attempt to clarify further the dubious nature of what 
we have called secondary solid solutions, in particular those 
secondary solutions in which actual compound molecules, on 
evidence direct or indirect, appear to be present. We have 
defined secondary solutions as intermediate phases of lattice 
structure unlike either of the participating metals. In many 
cases the lattice structure of a solid solution is definitely that of a 
compound falling within the composition limits of the solution. 
In other words, these secondary solid solutions are ''built around,” 
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as it were, a definite intermetaliic compound whose lattice 
becomes that of the solid solution. This fact, of course, explains 
why the secondary solid solution differs structurally from the 
lattice of pure metals and also why they often resemble inter- 
metallic compounds in properties. These solutions, in keeping 
with their kind, show a range of composition which may be 
considerable as is the case of the beta solution in copper alloys. 
It is to such secondary solid solutions that the term “compounds 
of variable composition’^ has been applied. 

Interesting and highly evidential as to the electronic character 
of the bond is the observation made by Hume-Rothery that in 
the basic compound of certain of these intermediate phases 
there exists a definite ratio of valency electrons to atoms. For 
example, in the first of these intermediate phases of some alloys, 
the beta secondary solid solution, the ratio is 3/2. In the copper- 
zinc system, the beta solution ranges around the composition 
(compound) of equi-atomic per cent, CuZn. The number of 
atoms is two; the valency electrons are two from the divalent zinc 
and one from the copper, or three in all. The ratio of valency 
electrons to the number of atoms is thus 3/2. In the copper- 
aluminum series, the beta phase hovers around the composition 
given by the formula CusAl; four atoms and six valency electrons 
(one for each of the three coppers and three for the trivalent 
aluminum) are involved, and the above ratio is again 3/2. In the 
copper-tin series the basic composition of the beta phase is the 
composition CusSn, whose six atoms and nine valence electrons 
(five from the monovalent copper and four from the tetravalent 
tin) give again a 3/2 ratio. The systems silver-magnesium, 
silver-zinc, gold-zinc, and others exhibit the same occurrence. 

In these same alloy systems, another intermediate phase is the 
gamma solution of a still more complexly structural organization 
than the beta solutions. Yet a similar relationship between the 
number of atoms and the valence electrons of the basic composi- 
tion has been observed, but the ratio is now 21/13. The funda- 
mental unit of the gamma phase in the copper-zinc and the 
copper-aluminum series is CusZng and CugAU, respectively, and 
the ratio of the number of the total valency electrons to atoms 
is 21/13 in each case. This particular relationship has been 
observed also in the gamma phase of the copper-tin, silver-zinc, 
gold-zinc, and others. 
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The microstructure of some alloys in which intermetallic com- 
pounds occur is shown in Figs. 64 to 69. In the first of these 



Fig. 64. — Tin-copper-antimony 
alloy (Babbitt metal) Cu = 7 per 
cent, Sb — 10 per cent, Sn == re- 
mainder. 50 X . (Photograph by 
Farrar.) 



Fig. 65. — Fe 2 As (white) and 
eutectic network of compound and 
iron-arsenic solid solution. Analy- 
sis: 36 per cent As, 1.3 per cent Pb, 
remainder Fe. 100 X. (Photograph 
by Greene.) 


(Fig. 64), which is the microstructure of a tin-copper-antimony 
alloy, are two compounds. The radial crystallites are the com- 
pound CusSn, and the square or triangular shaped (idiomorphic) 
crystallites are the compound 
SbSn. The matrix of the alloy 
is a tin-rich solid solution. A 
number of photomicrographs 
(Figs. 65 to 69) show microstruc- 
tures of compounds occurring 
in copper, lead, arsenic, iron, 
and antimony alloys. Further 
discussion of the microstructure 
of intermetallic compounds is 
given below. 

Segregate and Other Duplex 
Microstructures. — Our study of Fig. 66. — CuaSb (dark) and CusSb 
equilibrium diagrams showed 
that alloys may consist, at ordi- 
nary temperatures, of more than one phase, and in some of the pho- 
tomicrographs already given more than one microconstituent has 
been present. The duplex structure of many alloys results from 
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the particular method of freezing, as is the case in a eutectiferous 
series. In other alloys, it is the consequence of changes that occur 
in the solid alloy as, for example, when an eutectoid inversion 



Fig. 67. — Antimony crystals (light), Cu 2 Sb (gray) and dark eutectic matrix. 
100 X. (Photograph by Greene.) 


occurs. In still others, a duplex structure originates when a 
phase is precipitated from a supersaturated solid solution. The 



Fig. 68. — Dendritic forms are 
sulphides (dark) and arsenides 
(light). 100 X. (Photograph by 
Greene.) 



Fig. 69. — FeaAs (white blades) 
with ground mass of CusAs princi- 
pally, in copper-arsenic“iron alloy. 
100 X. (Photograph by Greene.) 


precise manner of distribution and the metallographic character 
of the two (or more) phases depend largely on the conditions 
under w^hich the phase is formed as, for example, the rate of 
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cooling and the total composition of the alloy and — when a 
phase is derived from a preexisting solid phase — the crystallo- 
graphic properties of the separating and the parent phases. One 
may make the following convenient classification of duplex alloy 
structures, though with respect to origin and form all classes 
named are not wholly dissimilar : {a) eutectic and eutectoid struc- 
tures, (6) Widmanstatten structures, (c) the martensitic struc- 
ture, and (d) intra- and intergranular segregates (inclusions). 

a. Eutectic and Eutectoid Structures . — The origin of these 
metallographic forms has already been discussed. The first is the 



Fig. 70. — Diagrammatic representation of a possible way eutectic aggregates 

may form. 

(Undercooling lowers the temperature of the melt from the true eutectic 
temperature te to a slightly lower temperature The melt becomes 
thereby supersaturated with both metals. The metal of higher nuclei 
number — say, metal M — will start the crystallization process off. The 
growth of the initial M crystals proceeds but a little way, however, when 
nucleation of N becomes active. Crystallites of N grow meanwhile to 
appreciable dimensions. The precipitation of solid M and N changes the 
condition of the residual melt from one of supersaturation to one of simple 
saturation. Slight undercooling is necessary to bring about a repetition 
of the cycle). 

result of a simultaneous precipitation at constant temperature 
of two solid phases from a liquid solution; the second is a con- 
sequence of an analogous biphasial precipitation from an already 
existing solid solution. The microstructures of some typical 
eutectics are given in Figs. 71 to 78. No detailed descriptions of 
these will be attempted. One should, however, examine each 
photograph carefully. It should be noted that, while consider- 
able diversity in micro-appearance prevails, eutectics are most 
often made up of alternate, roughly curvifoliate laminae of the 
two phases. This laminated structure originates probably in 
some such manner as is described in Fig. 70, 

In alloys whose composition falls exactly at eutectic proportions 
the microstructure of the alloy is 100 per cent eutectic (see Fig. 
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72 ) ; alloys whose total compositions are to either side will have 
excess constituent in addition to the eutectic. Since the eutectic 
forms (freezes) last on cooling, it is found in the dendritic fillings 
(Fig, 75) or around the polyhedral grains (Fig. 76). 



Fig. 71. — Eutectic in iron-arsenic 
alloy (75 per cent Fe). 110 X. 
(Photograph hy Greene.) 



Fig. 73. — Eutectic in copper- 
antimony alloy. 100 X. (Photo- 
graph hy Greene.) 



Fig. 72. — Eutectic of PbS>Cu 2 S, in 
copper-lead-sulphur alloy (50 per cent 
Cu and 32 per cent Pb) lOO X. (Pho- 
tograph by Greene.) 



Fig, 74. — Eutectic of copper- 
antimony solid solution and Cu 2 Sb 
in copper-antimony alloy. 100 X. 
(Photograph hy Greene.) 


Three photomicrographs of an eutectoid (pearlite) found in 
iron-carbon alloys are given in Figs. 79 and 80. Their micro- 
appearance justifies the name eutectoid (eutectic-like). Pearlite 
forms, as we remember, as the result of an eutectoid inversion at 
about 0.90 per cent carbon and around 700°C, 
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The properties of these aggregates are considered in the next 
chapter. 

b. The Widmanstatten StructureA — When a phase or other 
change in the solid state results in the creation of a new phase, 
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Fig. 75. — Crystallites of CU 2 S in Fig. 76. — Eutectic fillings of copper- 

copper-sulphide-lead-sulphide eutectic. antimony solid solution and Cu 2 Sb. 
100 X. (Photograph by Greene.) About 15 per cent Cu. 100 X- 

(Photograph hy Greene.) 






Fig. 77.— Same as Fig. 76. 1000 X. 

(Photograph by Greene^ 


Fig. 78. — Eutectic in iron-tungsten- 
vanadium-carbon alloy (high-speed 
steel). 500 X. (Photograph by Reed.) 


the latter^s separation from the parent phase may occur principally 
along the crystallite, boundaries, in which case one gets an 
accentuated polyhedral or network pattern. Or the separation 

^ Named after von Widmanstatten, who first observed the structure in 
meteorites (see Fig. 88). 
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may take place, for the most part, actually within the crystallites, 
preferentially along certain crystallographic planes. The practi- 
cal consequence of such a localized intracrystalline segregation of 
the derived phase is, obviously, to give the segregate a definite 
orientation with respect to the parent, and to produce in the 
etched alloy a characteristic microstructure known as the cleavage 



Fig. 79. — Eutectoid (pearlite) in Fig. 80. — Eutectoid (pearlite) in 

an 0.87 per cent carbon steel. 500 X- an 0.87 per cent carbon steel. 500 X. 
(Photograph hy Reed.) (Photograph hy Reed.) 


or Widmanstatten pattern. The particular plane (or planes) 
of the lattice of the parent along which the derived phase chooses 
to precipitate is manifestly of some interest. It is commonly a 
closely packed plane, which is determined, apparently, by the 
circumstance of its approximate coincidence with a similarly 
packed plane of the precipitating phase. For face-centered cubic 
parent structures, the favored precipitating plane is the octa- 
hedral plane, the (111) plane, for it so happens that it is this 
plane of this lattice set-up which is most nearly coincident with, 
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for example, the densely packed (110) plane of a body- or face- 
centered cubic precipitant, or the basal plane of a hexagonal 
close-packed precipitant. 

Preferred precipitation along the octahedral planes explains the 
frequency of occurrence of 60-deg. angles in the Widmanstatten 



S/Jve r~r/ch phcrse 
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rich 

phase 
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(d) The cop per- rich precipifafe 
ibrms along the fjlf) planes 
of fhe siher-nch parenf 
solid sol uf ion. 


(t>) The silver-rich precipifai 
forms along fhe fiOO} phm 
of fhe copper- rich parent 
so/iof solution 


Fig. 81. — The mechanisia of precipitation of a derived phase in the copper-silver 
series. (After Barrett, Kaiser, and Mehl.) 



Fig. 82. — Widmanstatten structure Fig. 83. — Widmanstatten structure 

in a 50 atomic per cent gold-copper in copper-tin alloy (59 per cent cop- 
alloy. oOOX. (Photogra-phhy Peterson.) per). 500 X- 


structures shown in Figs. 82 to 92. In Fig. 81a is shown a 
diagram illustrating the separation of a face-centered cubic phase 
along the {ill} plane of a similarly structured parent phase. 
This manner of segregation of a derived phase is not an invariable 
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Fig. 84. — Widmanstatten structure 
in gold-copper-zinc alloy. 100 X. 
{Photograph by Peterson.) 



Fig. 86. — Widmanstatten, structure in 
an iron-nitrogen alloy. The “needles” 
(really, plates) of iron nitride have pre- 
cipitated along the crystallographic 
planes of the ferrite. 500 X. {Photo- 
graph ly Reed.) 



Fig. 85. — Widmanstatten structure 
in gold-copper-zinc alloy. 100 X. 
{Photograph by Peterson.) 



Fig. 87. — Widmanstatten struc- 
ture in a copper-zinc alloy (brass). 
40 per cent zinc. 100 X. 
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Mexico) meteorite. 7.74 per cent nickel. One iron-nickel phase (solid solution) 
has separated from another along cleavage planes. X. The meteorite is 
the property of the Peabody Museum, Harvard University. (Photoffraph by 


Fig. 89. — Widmanstatten struc- 
ture in gold-copper-zinc alloy. 
500 X. {Photograph by Peterson.) 


Fig. 90. — W'idmanstatten struc- 
ture in a 30 per cent manganese iron- 
manganese alloy. 100 X. {Photo- 
graph by Chow,) 
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occurrence for other planes than the octahedral planes may, at 
times, be involved. In Qy) of Fig. 81, we have an illustration 
of an alternative method of separation which Mehl and his 
associates found to hold for the copper-rich copper-silver alloys. 
Here the silver-rich solid solution precipitates along planes 
parallel to the {lOO} planes, the cubic planes of the parent. 



Fig. 91a. — W'idmanstatten structure in a cast 0.53 per cent carbon steel. The 
ferrite (white) has precipitated mainly along the octahedral {111} planes. 
100 X. {Photograph by Chow.') 

Typical Widmanstatten patterns found in a variety of alloys 
are given in Figs. 82 to 92. It is suggested that careful attention 
be given them. 

When a high-carbon (say, 0.90 per cent) steel is heated to 
above where the gamma modification of iron becomes the stable 
phase (above the point 5, Fig. 38), the carbon is wholly intersti- 
tially distributed (dissolved) within the gamma iron lattice. 
In conformity with the custom of naming the metallographic 
constituents of the iron-carbon series, this solid solution of 
carbon in gamma iron is called austenite.^ When this solid 

1 Named after Sir Roberts- Austen, the English metallurgist. 
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solution, or austenite, is slowly cooled through the temperature 
(point s) where the y a transformation occurs, the solid 
solution changes, as we know, into an aggregate, pearlite. If, 
however, the cooling through the transformation is rapid, as 
may be brought about by plunging the steel into water, a duplex 
structure, not pearlite, forms. 
martensite^ and is the micro- 
constituent that forms when- 
ever austenite transforms at 
such speed that the change 
occurs at around 200°C., rather 
than at the normal temperature 
of 700°C., or thereabouts, for a 
steel of this composition. The 
probable nature of martensite 
is considered elsewhere. We 
are interested now in the sim- 
pler matter of its micro- 
appearance, This is shown in 
the photomicrograph of Tigs. 

93 and 176&. Obviously, we 
are dealing with a Widman- 
statten pattern. This obser- 
vation is more convincing in 
the photomicrograph of a dras- 
tically quenched carbon-free 
iron given in Fig. 92. Mani- 
festly, the decided Widman- 
statten pattern in the alpha 
iron delineates the octahedral planes of the old gamma crystallites. 
Here, the rearrangement of the atoms from the densely packed 
{ill} planes of the face-centered cubic gamma iron to the 
densely packed {llO} planes of the body-centered alpha iron is 
a small matter involving a change of position of a few per cent 
only. 

c. Inter- and Intracrystalline Segregates . — Inclusions within 
and without the grain, differ widely with respect to genesis and 
nature, and as to shape and size. Many inclusions are non- 
metallic — oxides, sulphides, silicates, etc. — and are residual 

1 Named after the eminent German metallurgist, Martens. 


This complex bears the name of 



Fig. 916. — Widmanstatten, structure 
in a cast 0.53 per cent carbon steel. 
Precipitation of the ferrite has occurred 
mainly along the cubic planes. 100 X. 
{Photograph by Chow.) 
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Fig. 91c. — Widmanstatten structure in a cast 1.36 per cent steel. Some pre- 
cipitation of the eementite, or iron carbide FeaC (white) has taken place along the 
grain boundaries, but most of the precipitation has occurred along the cleavage 
planes within the body of the grains. 100 X. {Photograiph by Chow.) 
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portions of reaction products ■which ha've become mechanically 
entrapped in the solidifying metal. Examples of such non- 
metallie inclusions (sonims) are shown in Figs. 96 and 97. They 



Fig. 93. — Martensitic structure in 
quenched iron-carbon alloy (1.16 per 
cent C). Dark = martensite; white 
= partly austenite. 500 X . (PAa- 
tograph hy Reed.) 



Fig. 94. — Malleable cast iron. 
Graphite (black) in ferritic matrix. 
500 X. (Photograph by Reed.) 


are commonly irregular to rounded in shape if occurring within 
the grain (Fig. 97), but may conform to the shape of the boundary 
if present in the intergranular spaces (Figs. 98 and 100). Some 



Fig. 95. — Gray cast iron. Graph- 
ite inclusions in ferrite. 500 X. 
(Photograph by Reed.) 



Fig. 96. — Iron oxide inclusions in 
commercially pure iron. 500 X. 
(Photograph by Reed.) 


of these inclusions are plastic, notably the high ferrous-oxide 
silicates. The slag inclusions in wrought iron are of this class 
(Fig. 99). This ferrous alloy is hot-rolled at a temperature where 
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the iron is in the gamma condition. Both the gamma crystallites 
and the slag enclosures are deformed (elongated). On cooling 
back to room temperatures, the gamma grains transform into 



Fig. 97. — Manganese sulphide 
(gray) in cast iron. {Photograph by 
Anthony.) 



Fig. 98. — Iron sulphide inclusion 
iron. 500 X. {Photograph by 
eed.) 


equi-axed alpha grains while the nonpolymorphic slag inclusions 
remain permanently elongated. 

Included material may also result from phase and other 
changes taking place within the solid alloy. The separation 



Fig. 99. — Slag (an iron silicate) Fig. 100. — Copper aluminide in- 
inclusions in wrought iron. 100 X. elusions in an aluminum-copper 

{Photograph by Reed.) alloy. 100 X. 

of graphitic carbon in gray cast iron (Fig. 95), and the formation 
of temper carbon during malleabilization of white cast iron 
(Fig. 94) are two examples; the precipitation of a solute from a 
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supersaturated solid solution on very slow cooling is another 
(Fig. 100). 

The effects of inclusions on the physical properties of the 
metals and alloys vary, naturally, with their number, with 
their nature, and with their manner of distribution. Obviously, 
if present in sufi&cient amounts to reduce materially the effective 
sectional area, inclusions will impair the strength properties. 
The effect on the fatigue and impact strength properties may be 
occasioned by the inclusions acting as foci for localization of 
stresses. The corrosion resistance of “dirty” metals and alloys 



Fig. 101. — Lead inclusions in copper. Fig. 102. — Titanium nitride inclu- 

100 X. sion in steel. XJnetched. 500 X. 

{Photograph by Reed.) 


is commonly inferior to that of clean” materials. Dissimilari- 
ties in chemical constitution, even if quite localized, may instigate 
galvanic action. Grain boundary enclosures (see Fig. 98), 
especially if brittle or fusible, lower forniability through creating 
a want of normal coherence between the several crystallites, 
thus destroying the ductility of the whole, though, in no way, 
affecting the ductility of the constituent parts. Through this 
same lack of coherence, the machinability of the alloy may be 
increased. Lead inclusions in copper and in its alloys (lead is 
insoluble in copper and in its alpha and beta solutions), graphite 
in cast iron and iron sulphide in mild steels improve the machining 
properties of these materials. 



CHAPTER VI 


THE PROPERTIES OF ALLOYS 

Some typical metallic properties, of immediate interest because 
of their definitive value, were named and discussed in Chaps. I 
and II; that discussion was confined, under the circumstances, 
to certain selected properties as related principally to the pure 
metals. But the properties which we commonly associate with 
the metallic elements, and especially those of greatest service- 
ability, attain their full stature only in the alloyed metals, so 
the more comprehensive survey of metallic properties made 
desirable by reason of their technical importance has been delayed 
till such time as some knowdedge was had of alloy constitution. 

For convenience in study of so numerous and varied an assort- 
ment, we may classify the properties of alloys into three main, 
if not always wholly unrelated, groups : 

I. Mechanical properties. 

II. Chemical (physicochemical) properties. 

III. Physical properties. 

We shall now consider properties in some detail, but always 
with the thought of the relationship to alloy constitution in 
mind. We shall begin with a discussion of the mechanical 
properties. 

I. Mechanical Properties.^ 

1. Strength properties (intension, torsion, etc.). 

a. Ultimate strength, the elastic limit, the proportional limit, the 

yield point. 

b. Toughness (impact strength). 

c- Hardness. 

2- Plastic properties (ductility) . 

a. Elongation and reduction in area. 

b. Bend test. 

c. Cold formability. 

1 The author is indebted to Dr. John Johnston, Director of Research, The 
United States Steel Corporation for the main part of this outline. Published 
in the United States Steel Quarterly , Autumn Number, 1930. 
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3. Endurance properties (fatigue). 

a. Repeated bending, impact, tension, etc., tests. 
h. Creep yielding. 

4. Wear (abrasion) resistance. 

5. Machinability. 

The strength properties may be variously evaluated, but we 
are not especially concerned here with property-measurement 
methods. Our interest is rather in w’-hat the methods tell us 
about property changes with respect to alloy constitution. In 
the correlation of strength properties with alloy structure, we 
shall limit ourselves to those properties determined by the tensile 
and hardness tests, the two perhaps most generally useful 



Extension (Strain}, Per Cent 

Fig. 103. — Stress-strain diagrams. A, stress-extension curve; B, load-extension 

curve. 

methods of mechanical property valuation. In the tensile test, 
the progress of testing, i,e., the progress of the deformation 
(extension) of the specimen with increasing load, can be most 
readily followed by referring to a typical stress-strain curve, 
such as the one given in Fig. 103. 

When a tensile stress of low value is applied to a tensile 
specimen, there results an elastic deformation, a strain that 
persists only during actual application of the load. With the 
removal of the deforming load, the specimen returns to its 
original size and shape. But on continued loading with ever 
increasing higher stresses, there comes eventually a time w^hen 
the above no longer is true and a return to original dimensions 
does not follow on release of the load. The metal has then 
been stressed beyond its elastic limit. It takes on wdiat is called 
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a “permanent set.'^ Up to the elastic limit and somewhat 
beyond, extension or strain is proportional to the stress (Hooke's 
law) . This particular portion of the stress-strain curve, wherein 
strict proportionality exists, is given by the part a-h of Fig. 103. 
(The elastic limit, per se, does not show on the curve.) With 
still further loading, values of stress are soon obtained where 
proportionality between stress and strain does not prevail. From 
this point on, a given increment of stress does not result in an 
equal amount of strain (extension), but in an increasingly larger 
amount up to the maximum stress. However, as the load is 
further increased slightly above the proportional limit, point 6, 
the metal begins to deform more rapidly. Indeed sometimes 
as in the case of certain ferrous alloys, the yielding of the metal 



Fig. 104. — Stress-strain diagram of a mild steel (or a commercially pure iron), 
showing a definite yield point, hT. 

may occur actually faster than the load can be applied, and the 
result is then no change, or even a drop, in the load. (See, for 
example, point hi' of Fig. 104.) This is the yield point in these 
alloys. In the general case, however, such definiteness in 
yielding is absent. The yield point is then taken at some 
arbitrary value, 6.p., the load required to produce a permanent 
extension of 0.2 per cent. 

If the load from yield point to rupture is plotted against the 
original cross section, one gets the conventional stress-strain 
diagram (curve B of Fig. 103), but the better way of plotting 
the two values, since it tells the story of the stress-strain relation- 
ships more faithfully, is the one which results in the stress- 
extension curve A of that figure. This curve is obtained by 
plotting load against the actual area supporting the load. Point 
0 in curve B is the maximum load; passing it, rapid extension 
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of the specimen takes place, but it is now localized. There results 
a constriction or ^‘necking down’' of the specimen at some place 
along its length. This, in turn, results in a final (breaking) load d 
that is somewhat below the maximum. Fracture occurs in the 
necked’^ portion of the specimen. 



Fig. 105. — Stress-stram curve (in torsion) of wrought iron. 


Values for strength properties are not the only data to be 
obtained from the tensile test; information concerning certain 
plastic properties is supplied also. The difference in the sec- 
tional area of the original bar and that of the broken one at the 
point of fracture, expressed as percentage reduction in area, is 
one measure of the ductility (plasticity) of the metal. Another 
is the increase in length, again expressed in percentage elongation 
of the bar during the test. 


0 . 160 ' 

W ~HoA7 drill 

Fig. 106. — Charpy impact specimen. 

The stress-strain curve of the torsional test is given in Fig. 105. 

The tensile test serves admirably as a means of static testing 
the properties of a metal. But, on occasion, the properties 
should be evaluated preferably by a suitable dynamic test, in 
order to simulate, as far as is possible in a laboratory test, the 
actual conditions the metal may encounter in service. There 
it may be called upon to resist stresses that are not always slowly 
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applied. Dynamic testing methods give one an idea of the shock 
resistance of a metal, or, as it is usually called, its impact strength^ 
which essentially is a measure of the toughness. 

One simple way to do this is to measure the height of rebound 
of a falling weight, the principle which is the basis of the Shore 
scleroscope “ hardness tester. A more widely used method, 
however, is the Charpy or Izod impact test, where a weighted 
pendulum is dropped from a known height to strike a securely 
fixed, accurately notched specimen (see Fig. 106). The arc 
traced by the pendulum subsequent to fracturing the specimen 
indicates what portion of the kinetic energy of the falling pendu- 
lum was absorbed in the work in fracturing the bar. The tougher 
the metal, the greater the amount of the energy absorbed and 
the shorter the postnadir path of the pendulum; or perhaps, 
to state it more accurately, the tougher the metal, the greater 
the rate of energy absorption (conduction and dissipation 
internally away from the point of impact), and the shorter the 
path. The impact strength j or notch toughness, is then expressed 
as the energy, in foot-pounds, absorbed in rupture divided by 
the original sectional area of the specimen. 

That particular manifestation of strength which we call 
hardness is not readily defined, yet a certain hind of hardness, 
i.e,, indentation hardness, is the one property which is perhaps 
most easily evaluated- This particular method of hardness 
measurement is to force an extremely hard penetrator, by the 
use of a standard load, into the smoothed surface of the specimen. 
The magnitude of the indentation produced, as indicated either 
by the diameter, by the depth, or by the superficial area of 
the depression relative to the load, becomes a measure of the 
resistance to penetration, that is to say, of the penetration hard- 
ness of the material. Obviously, plastic flow is involved in the 
test, and the measurement of the penetration hardness of non- 
ductile materials — as, for example, most intermetallic com- 
pounds, or even of the brittle simple metals, as antimony — if 
possible at all, produces results either quite meaningless or of 
questionable accuracy. 

The measurement of the rebound or elastic hardness of metals 
by the Shore scleroscope has been mentioned above, and another 
kind of hardness, mineralogical or scratch hardness, will be 
referred to later in this section. 
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Like the file test for hardness, the bend test for ductile metals 
(wire and strip) is easily made, and the results obtained are 
readily comprehended by anyone. In this test, one finds the 
number of bends back and forth through a certain angle, com- 
monly 90 deg., a metal wire can experience before rupture occurs. 
In a rather convincing way, the bend test also gives one an idea 
of strain-embrittling susceptibility since the bending, to and fro, 
progressively deforms the metal, strain-hardening it locally. 

A bend test of another sort is occasionally used for brittle 
materials- Here the test specimen, a circular or square section 
bar, is loaded as a simple beam. The “tensile strength in bend"' 
may be calculated from the formula 

_ FIW 
4(26)’ 

where S = bend strength, P = the load, I == the length of the 
specimen, and W = the thickness of the specimen, d is the 
moment of inertia of the section. 

Sheet metal is commonly fabricated by deep drawing to shape. 
This operation requires a high degree of toughness (tenacity 
combined with plasticity) in the material worked. The forma- 
bility of sheet, or its deep drawing quality, may be determined 
by the Erichsen test. In this test, a piece of sheet is slowly 
forced by a rounded mandrel through a cup-shaped die. The 
depth of the perfect, f.e., nontorn, cup produced is indicative 
of the suitability of material for deep drawing work- 

in the tensile and other similarly acting strength-evaluating 
tests, the application of the deforming stresses is continual and 
sustained until rupture; moreover, it is in one direction only. 
But stresses are encountered in service, notably by the moving 
parts of machines which are not characterized by continuity of 
application or by constancy in direction, and a metal's properties, 
as determined by one or more of the tests already mentioned, 
may be no criterion of its so-called endurance or fatigue properties. 
The “endurance limit" is the aspect of fatigue that is of interest. 
One common way — the so-called rotating-beam test — is to rotate 
a standard specimen loaded as a simple beam, with successively 
increasing loads, ‘and note the number of revolutions required to 
rupture the specimens. During the application of the stress, 
the uppermost fibers of the slightly flexed specimen are, at any 
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instant, in compression, the ones opposite are in tension. A 
half revolution of the specimen alternates these conditions; so 
with each cycle every peripheral crystallite is stressed alternately 
by forces that act in opposite directions. If the repeated alter- 
nating stress is low, the number of cycles may be indefinite, or 
exceed a safe finite value of, say, 10,000,000 or more. As the 
applied load becomes larger, the number of cycles to fracture 
becomes smaller and smaller. The highest maximum stress 
consistent with long life is the endurance limit. A diagram 
showing the relation between cyclic number and stress is shown 
in Fig. 107. 
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Fig. 107. — Fatigue diagram of an 0.08 per cent carbon steel (tensile strength = 
36 kg. per square millimeter). {Schwarz.) 


When metals are stressed for long periods of time, particularly 
at elevated temperatures, even with loads well under the elastic 
limit, it may be found that the metals slowly and perceptibly 
yield. This manner of long-time yielding is known as creep, 
and the amount of creep yielding for a given metal is a function 
of the temperature, of the load, and of the time of application of 
load. 

Scratch hardness is, perhaps, the earliest attempt to rationalize 
the widely variant hardness of different materials. It is the 
basis of the Moh scale of comparative hardness of minerals. 
Scratch-hardness testing methods are useful in making micro- 
hardness measurements on alloys; i.e., in the determination of 
the relative hardness of different constituents of a conglomerate 
alloy. This may be done either by comparing the widths of the 
scratches made by passing the polished specimen beneath a 
weighted stylus, or by comparing the loads necessary to produce 
scratches of equal width. Scratch hardness is evidently related 
to wear-resistance properties. As a matter of fact, the more 
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usually determined indentation hardness, by the Brinell, Rock- 
well; or Vickers method (see Fig. 109 for equivalent values) is 
equally indicative of the qual- 
ity of this property. This is 
shown, for four iron alloys, in 
Fig. 108. 

In bearing alloys (antifriction 
metals), the question of wear 
resistance is, of course, impor- 
tant, since among other things 
it determines the life of the 
bearing, but toughness and 145 

compressile strength are also liardness; B, 2.20 per cent Ni, 12 per 
• 1 j u j. C!r, 204 Vickers hardness: C, 0.10 

involved. TLhe bearing must per cent Ni, 12 per centCr, 258 Vickers 

not shatter under forces sud- hardness; D, nitrided Steel. (Hengsten- 
denly applied, and it must not 

flow out under the load. Hard metallic substances, notably 
the intermetallic compounds, are ideal as antifriction materials 
from the points of view of wear resistance and strength, but for 




y 

/ 

B-'-v" 



X c>-' 

A" 

— ^ 


1 






Ve 1 oci ty : Ft. Pe r ' Second 



0 10 20 30 40 50 60 70 80 90 100 

Rockwell and Scleroscope 
'/ickers and Scratch x 10 


G. 109. — Approximate Brinell hardness equivalents. {After Schwarz.) 

use alone and unsupported they are ruled out because of their 
lack of any appreciable degree of toughness. Commercial 
bearing alloys, such as Babbitt metal (see Fig. 64), are 
commonly conglomerates, made up (a) of a tough, strong 
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matrix that will support and conform to the shape of the shaft, 
and (5) discrete particles, of microscopical dimensions, of 
hard, intermetallic compounds disseminated uniformly through- 
out the softer, tougher ground-mass. These hard enclosures 
bear the actual load. 

The last-listed property of the mechanical group, machinability^ 
deserves comment not only because of its economic importance 
in metal fabrication and finishing, but also because metallo- 
graphic constitution plays some part in determining this property. 
Metal objects and parts are frequently turned, milled, or planed 
to size and shape, and they may be drilled, tapped, or otherwise 
machined. The property of machinability in metals and alloys 
is a complex one, subject to many variables, and involving in 
some measure simple properties of both the strength and plastic 
groups. Values for a particular simple property, as hardness, 
do not ordinarily constitute a reliable index of machinability, 
though it is true that extremely hard materials do not machine 
well, nor do those which are very soft, or tough. Again, the 
ease of machinability differs widely with the particular machining 
operation; a metal that may be easily turned, for example, may 
not so readily be drilled. Extremely hard substances machine 
with difficulty (and with rapid deterioration of the cutting edge) 
obviously because of the small difference in the hardness of the 
tool and of the material. Soft, plastic metals, like lead, saw, 
drill, etc., machine badly, not because of the softness per se, but 
because such materials are commonly tough, preventing the 
formation of a clean-cut chip, i.e., one that frees itself readily 
from the material undergoing machining. It would seem, gen- 
erally speaking, that good machinability requires a hardness in 
the subject that is not too high, nor, on the other hand, so low 
that the material possesses excessive plasticity and toughness. 

Machinability is most reliably evaluated by an actual service 
test, where either the quantity of chips produced in a given time 
or the energy required to give a certain weight of turnings may 
be used as the measure of the machining quality. 

The machinability of a metal or alloy is influenced by the 
microstructure, by the physical condition, and by the chem- 
ical composition. The microstructure largely determines the 
strength and plastic properties, but it also is of moment in 
determining the character of the chip. A small grain size (in 
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certain brasses) definitely improves the machining properties. 
In duplex alloys, one constituent may favor machinability more 
than the other, an example of which is found in the alpha and 
beta brasses where the machinability improves as the beta phase 
decreases. In the high-carbon, iron-carbon alloys (the cast 
irons), machinability differs with the structural conditions pos- 
sible in the alloys. These alloys may be classified according to 
their microstructure, and in order of their machinability, as 
follows: 

1. Ferritic (free carbon and ferrite); see Fig. 95. 

2. Pearlite-ferritic (free carbon, ferrite and pearlite). 

3. Pearlitic (free carbon and pearlite). 

4. “Mottled'’ iron (pearlite, free carbon and some massive cementite). 

5. White iron (pearlite and massive cementite). 

In the alloys of lower carbon content — the eutectoid and hyper- 
eutectoid steels — microstructure is again of some influence on 
machinability. If the cementite of such steels is in the form of 
small spheroids — a condition that may be brought about by 
heat-treatment — the steels are decidedly more machinable than 
if the cementite is in the usual pearlitic (laminated) condition. 
In spheroidized steels, the cutting tool pushes the small, hard 
spheroids aside as it encounters them, while in pearlitic steels 
the tool must cut through the cementite plates. 

Alloys of iron (and of iron and carbon), containing alloying 
elements, as nickel, manganese, etc., in amounts sufficient to 
preserve the gamma phase at room temperatures, give difficulty 
in machining owing to the cutting action locally deforming the 
metastable solid solution (austenite) which results in the trans- 
formation, in sitUj of a small amount of the austenite to a hard, 
essentially ferritic martensite. 

It has been inferred above that the character of the chip has 
some bearing on machining qualities. In addition to inherent 
plasticity as affecting this factor, the presence of enclosures in 
the metal or alloy may be of some effect. These inclusions, 
because they break up the continuity of the matrix, change a 
long, torn turning into small, clean chips. Iron sulphide inclu- 
sions in mild steel, and lead in copper and brass, are examples of 
enclosures whose effect on machinability is definitely favorable. 
Lead is insoluble in copper and in its alpha and beta solutions 
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(see Fig. 101). The insoluble lead consequently segregates, 
forming small, rounded inclusions. Their presence in the turning 
lowers its tenacity and renders it distinctly 'Hender.^' It breaks 
into small chips as fast as it forms, thus clearing immediately 
the path for the entering tool. In Table 10, are given some 
comparative values of machining properties (and strength and 
hardness, also of some interest) of copper and some of its alloys, 
with particular reference to the effect of lead. 


Table 10. — The Relative Machinability of Copper and Certain op 
Its Alloys with Lead and Zinc 
(After A.M.S, Handbook) 


Composition, per cent 

Tensile 

strength 

i ' 

Hardness 

Rockwell 

B 

Relative 
machinability, * 
per cent 

Cu 

Zn 

Pb 

100.0 



35,000 1 

23 

20 

98.5 


1.5 

25,000 1 

23 

80 

60 

1 

40 


50,000 

67 

35 

60 

38 

2.0 

50,000 

67 

80 

62 

35 

3.0- 

45,000 

57 

100* 

62 ! 

34 

4.0 

45,000 

! 

67 

110 


Free-cutting rod (drill temper) = 100 per cent. 


Properties versus Composition (Constitution). — In the fore- 
going discussion little mention has been made of the effect of 
alloy composition, that is to say, of constitution, on property 
variation. We did see, in the case of machinability, that the 
presence of a properly disseminated insoluble constituent, as 
lead in copper or brass, was effective as regards the changing 
of this particular property. The efficaciousness of the lead 
inclusions in these materials is a consequence of lead’s insolu- 
bility. ' Their action is purely a mechanical one. But, had the 
lead been soluble — wholly or in part — what then? Let us be 
more general, and let us consider a simpler property than machin- 
ability; moreover, let us take one the number of whose individual 
determinations under every structural condition possible in alloys 
warrants us to draw general conclusions therefrom. Strength 
is one such property; hardness is another. How, for example, 
is the hardness of one metal modified by alloying with it another 
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metal of a different hardness when, let us say, the two form a 
simple, eutectiferous series? Or, to put the matter more com- 
prehensively, what happens to hardness when two metals alloy 
in any of the eight possible procedures listed and described in' 
Chap. III? 

The answer to these questions, in any particular instance, is 
determined basically by the alloy constitution, i.e.j by the 
nature, the number, and the distribution of the primary con- 
stituents present in the alloy. In Fig. 110 is given a group of 
ideal hardness-composition curves for a number of the type alloy 
systems of Chap. III. For convenience, each hardness curve is 
shown with the corresponding equilibrium diagram. In (a.) is 
given the hardness-composition curve of the Group Ila series 
of alloys, a series which shows complete solid insolubility. The 
ideal hardness curve of this series is a straight line connecting 
the hardness of one metal with that of the other. We have seen 
in our study of the properties of solid solutions that this particular 
alloy constituent is uniformly harder than at least one metal, 
and that the maximum hardness of an isomorphous solid-solu- 
tion series occurs in those alloys approximating equiweight 
composition. The ideal hardness curve of such a series (Group I 
alloys) is given in (c). In a series (5 of Fig. 110), where partial 
solid solubility exists (Group lib), there is, as one would expect, 
an increase in hardness over that of the pure metals within the 
solid solubility range at either end of the series (ha~c and d~hb of 
Fig. not), whereas the hardness varies lineally within the two- 
phase field. Had solid solubility been complete, the hardness 
curve might have followed the dotted line c-f-d, which is simply 
the continuation of the curves ha-c and d-hb. 

Intermetallic compounds are normally hard constituents, and 
their presence increases the hardness of the alloy. In (d) of 
Fig. 110 is shown the hardness curve of a compound-containing 
series (Group He). There is a maximum in the curve at com- 
position of the compound. To the right or left of the compound, 
the curve is a straight line, as one would expect of any eutec- 
tiferous series. In the curve as given, the hardness of the 
compound is higher than that of either metal. This is not 
invariably so. The compound’s hardness may, for example, 
lie between the hardnesses of the two metals. Then there is an 
inflection and not a maximum at point c. In Fig. 110c is given 
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the hardness curve of a eutectiferous series with a compound 
of the “hidden-maximum'^ type, and one terminal solid solution. 


j Composition 


Composition j 


(a) Complete solid insol- 
ubility 

(b) Poirtia/ solid solubility 

(c) Complefe solid solubility 

(d) Intermefallic compound 
formation and no solid 
so lubi lity 

Ce) Tntermetcilliccompound 
formation and partial 
solid solubility 

Pig. 110. — Hardness curves in relation to constitution. 

These two structural features of the series are reflected in the 
shape of its hardness curve. No comment seems necessary. 

Experimentally determined curves (hardness, strength, etc.) 
of actual alloy systems may depart from the ideal curves, as 
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shown. This is because factors other than alloy constitution, 
such as grain size, degree of dispersion, etc., commonly enter 
into the determination of hardness. The hardness-composition 
curve of an actual isomorphous series (copper-nickel) has already 
been given in Fig. 46. The hardness and strength (vs. composi- 
tion) curves of the aluminum-rich aluminum silicon are shown 



Fig. Ill- — Strength-property vs. composition in, the aluminum-rich aluminum- 

silicon alloys. 


in Fig. Ill; this series approximates, as closely as any perhaps, 
the rare condition of complete insolubility at ordinary tempera- 
tures. The strength-property curves of more complex binary 
series are shown in Fig. 112 (the magnesium-silver series), and 
in Fig. 113 (the copper-zinc series). 

The want of exact coincidence of changes in direction in the 
property curves and the appearance of a new phase, as noted 
particularly in the latter two series, is in part due to the circum- 
stance that a new phase is ordinarily not detectable by mechanical 
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testing methods until appreciable amounts are present. Also, 
the question of equilibrium enters here. Since the equilibrium 
diagram depicts alloy constitution under equilibrium conditions, 
it is quite necessary, if parallelism between property and con- 
stitution is to be approximated, that the alloys be tested only 
after an adequate hoinogeneization treatment. 



Fig. 112. — The hardness of magnesium'silver alloys as dependent on constitution. 


Properties versus Temperature, Etc. — A poly crystalline 
alloy's strength properties are, in part, inherently atomic, but 
some portion is genetically structural, i.e., this latter part is the 
consequence of the particular structural and granular character 
of the crystalline aggregate. While temperature, for example, 
influences strength properties quite independent of their genesis, 
other factors influence strength essentially through alteration 
of the gross structure. For instance, in certain types of critically 
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dispersed conglomerates, the dispersion, i.e., the particle size, 
of the discontinuous phase may become the controlling factor. 
The hardness of such so-called age-hardenable alloys is mainly 
determined by the heat-treatment procedure followed (see 
page 237, Chap. YII). 

Any particular mechanical property of the metals is thus not 
independent of the prevailing external conditions, temperature 
principally, or of the granular character of the conglomerate. 



It is this latter circumstance that makes possible the alteration 
of properties by suitable heat-treatment. While the fact of the 
greater technical importance of alloys than of the pure metals 
may in part rest on the range in properties that may be secured 
by changes in chemical composition in the former materials, it 
is also due to the circumstance that alloys, because of their 
comparatively greater structural complexity, admit of larger 
possibilities in property change through manipulation of external 
controlling factors. In other words, alloys owe a large part of 
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their superior technical importance to their greater susceptibility 
to property variation by simple heat-treatment. The importance 
of this phase of metallographic science warrants treatment in a 
separate chapter (Chap. VII). We shall, however, cite a few 
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Fig. 114. — lafluence of temperature on the strength and ductility of copper 
and a 60 per cent copper brass. A, strength of copper; A', strength of brass; 
B, ductility of copper; B', ductility of brass. {After Bengough.) 


typical examples of property's dependence on environment 
or on the physical condition of the alloy- 

1. Temperature , — The effect of temperature on the mechanical 
properties of copper and one of its alloys (brass) is shown by the 

curves in Fig. 114. The gen- 
eral e:ffect is the same in the 
two cases — a decrease in the 
strength properties and an 
increase in the ductility (at 
least, till near the melting 
temperatures) with increase 
in temperature. The effect 
of sub-zero temperatures on 
the strength and plasticity of 
iron is given in Fig. 115. 

2. Grain Size , — An interpre- 
tation of the influence of grain 
size on the mechanical properties of metals is shown in Fig. 117. 
The curve c~d of that figure gives the grain size-property relation- 
ships as found in polycrystalline (cast) metal, that is to say, in 



Fig. 115. — Influence of low temper- 
atures on (J.) angular displacement in 
torsion, {B) elongation in tension, and 
(C) energy absorbed in impact. {After 
Heindlhofer.) 
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such metal where a sufficient number of randomly oriented grains 
is involved in the test so as to insure an isotropic character to the 
aggregate. Under these conditions, the strength properties 
increase with fineness of grain, while the plastic properties decrease 
generally- Since a poly crystalline metal is isotropic only because 
of the random distribution of its many anisotropic grains, succes- 
sive decreases in the number of the latter progressively lessen 
the mass effect of random orientation on the property as a whole 
and, at the same time, bring gradually into prominence, as 
influencing these properties, the anisotropic character of the 



Fig. 116. — Hardness as a function of grain size in brass. {Elam.Y 

constituent units. The limit obviously with respect to reduction 
in grain count is reached in a specimen containing a single crystal 
only. 

As it becomes a true anisotropic body, the strength and plastic 
properties of a metal single crystal will vary somewhat wdth the 
direction in which they are measured; i.e., these properties are 
partly vectorial. Assume that points a and h of Fig. 117 repre- 
sent the low and high limits, respectively, of these properties 
in a single crystal of the same metal whose polycrystalline form 
gives the property-grain size relationships shown by the curve c-d. 
The maximum ductility, point 6, of the single crystal, ^^e., the 
value of this property as measured in the most propitious direction, 
is much greater than the best value (point c) obtained in testing 
1 From Elam's ''Distortion of Metal Crystals,” Oxford University 
Press, by permission of the publishers. 
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the poly crystalline metal. On the other hand, the maximum 
strength developed in any direction in a single crystal is lower 
than the lowest value shown by the polycrystalline aggregate 
(compare again h with c) . This is in accord with what we know 
about the strengthening eJffects of differently oriented grains 
pn one another. 

Now let us suppose that we increase the grain count so that 
instead of having under consideration a specimen consisting 
of a single crystal, we have one made up successively of 2, 3, 
4, . . . , etc. crystals, that is to say, we shall have specimens 
where grain-size effects play an increasingly important role in 
the determination of properties. But what, one may ask, is 
the genetic relationship of curve a-6, which represents a condi- 
tion where anisotropic effects are paramount, to the curve c-d 



Fig. 117. — Strength properties of metal (east) as influenced by grain size. 

{After Czochralski.) 

where these are practically negligible? Plainly, the transition 
from the one to the other is a continuous and gradual one. Con- 
ceivably, there are two general effects as regards metal properties, 
resulting from the substitution of a progressively finer grain 
metal for one that consisted originally of a single grain: (1) the 
difference between the minimum and maximum property values, 
as a peculiar effect of anisotropism, becomes less and less with 
growing multi crystallinity, i.e., points a and b approach one 
another, and (2) both values approach point c as a limit. To 
illustrate (referring to Fig. 117), when a few crystallites make 
up the aggregate, point a moves to position a', and point 6 to ; 
with further grain refinement (though not to the extent that 
anisotropic effects shall entirely disappear), point a moves still 
farther along to position a", and likewise point h to b". Still 
further refinement nullifies completely, through sheer force of 
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crystal numbers, all effects of individual anisotropism. Values 
a and b now become equal in magnitude and intersect at point c. 
From that point on, grain si 2 :e is the main structure factor 
operative in property determination. The area a-h-c represents 
a condition of quasi-isotropism. 

The grain size of brass (63 per cent copper), as related to its 
mechanical properties, is illustrated in Fig. 116. 

3. Presence of Third Metal . — The properties of a binary alloy 
are capable of further modification by the addition of a third, 
fourth, . . • , etc., alloying metal. The particular effects of 
the added metal, or metals, depend, as in the first instance, on 
the precise manner of the alloying mechanism and on the way 
this disturbs the structural status quo of the parent binary 
system, Physico chemically, with such cases, we are dealing 
with a ternary, quaternary, etc., system, whose phasial relation- 
ships must be viewed and interpreted in the light of physico- 
chemical principles. But from the point of view of structure 
and properties, one may regard these multimetal alloys simply 
as a binary system to which, for particular reasons, special 
elenients have been added. Historically, this has been the way 
most of our ternary and more complex alloys, as for example the 
alloy steels, have come into being. 

As typical illustrations of the effect of a third metal on proper- 
ties, we shall cite two instances, where modification is the conse- 
quence of two quite different alloying procedures. In the case 
of the silicon steels — basically, iron-carbon alloys to which silicon 
is added in small amounts — the silicon influences properties by 
reason of its solution (substitutionally) in the ferrite. Under 
these circumstances, the effect is, as one would expect, a generally 
strengthening one, but because of the inherently brittle nature 
of the iron-silicon solid solution, the higher strengths are 
attained at a considerable sacrifice of the toughness. The 
mechanical properties of some silicon steels are given in 
Table 11. 

Copper and nickel form, as we may recall, a continuous series 
of solid solutions, for these two metals are mutually soluble in 
all proportions in the solid state. If, however, one adds silicon 
to- the copper-rich cupronickels, in amounts which approximate 
the silicide composition, Ni 2 Si, the solubility of nickel in copper, 
in effect, becomes definitely limited, and any nickel in excess of 
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that solubility is precipitated as the nickel silicide. And, as is 
characteristic of all solid solutions of limited solubility, the solu- 
bility of the nickel, or perhaps one should say, the nickel silicide, 
in the copper decreases with temperature. This circumstance 
(and the fact that the precipitate itself is a hard intermetallic 
compound) furnishes the necessary condition for the phenomenon 
known as dispersion (or precipitation) hardening. This is a 
subject that has been referred to previously, and one which will 
be discussed in some detail, because of its importance, in the 
next chapter. Our interest in this alloy now, and in others like 
it, is in. the fact that the introduction of a third metal can work 
profound changes in existing solubility relationships, which 
fact, under certain other favorable conditions, can be made use of 
to create property values in the ternary alloy quite unattainable 
in the simple binary one. We have there (the copper-nickel- 
silicon alloy) one instance of many where the addition of a third 
metal makes the resulting alloy more amenable to heat-treat- 
ment. This circumstance is what so often makes ternary alloys, 
notably the alloy or special steels, of especial importance. 


Table 11. — The Mechanical Properties oe Some Low-carbon (0.10 — 
0.12 Per Cent Carbon) Structural Silicon Steels, as Rolled 
(After Paglianti) 


Per cent 
silicon 

Tensile 
strength, 
Ib./sq, in. 

Elongation, 
per cent in 

8 in. 

1 

Reduction 
of area, 
per cent 

Hardness 

(Brinell) 

Impact 

value 

0.37 

61,000 

29.5 

57 

1 

131 

1 

i 36.0 

0.67 

65,000 

28.5 

58 

1 144 

34.2 

0.95 

69,000 

28 

55 

1 150 

31.5 

1.73 

80,000 

26 

40 

180 

12.0 

2.35 

83,500 

23 

39.5 

182 

10.5 


4. Cold Deformation . — The strengthening and generally embrit- 
tling effects of cold work are shown in the curves of Fig. 118. 
These effects are technically important for two reasons: First, 
they may be used to increase moderately the strength and elas- 
ticity of metals (particularily of wires), and second, because of 
the progressive loss of ductility, and thus formability, with 
increasing amounts of cold work, the amount of deformation that 
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may be given a metal (or alloy), without meanwhile alleviating 
the embrittled condition, is severely limited. 

Cold deformation has also an indirect effect on properties of 
wrought and annealed metal, inasmuch as it is one of the factors 
involved in determining the final grain size of such metal. This 
matter will claim our attention under the general subject of 
annealing in the next chapter. 

5. Particle Size . — In alloys, as for example the copper-nickel- 
silicon alloy mentioned above, where there is a decrease in the 
solid solubility with fall in temperature, the excess solute may be 
made to assume a precipitated form in which it is finely dis- 


Fig. 118 .- 
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-Effect of deformation (drawing) on the mechanical properties of a 
67 per cent copper brass. (A.S.M. Handbook.) 


persed throughout the parent solution matrix. If this dispersion 
be critical, i.e., characterized by a suf5.cient number of the 
properly sized particles, an effective resistance to deformation 
(slip) is developed in the alloy, presumably because the precipi- 
tated particles ^'key'" the potential gliding planes. The maxi- 
mum increase in the strength properties is associated with 
critical dispersion, and until the discrete particles attain critical 
dimensions, or, by reason of continued growth, they exceed these 
— both conditions being a matter of time and temperature 
maximum property values do not obtain. A hardness- time (^.6., 
hardness-particle size) curve of the copper-nickel-silicon alloy 
mentioned is shown in Fig. 119. 

n. Chemical (PhysicocliemLical) Properties. 
a. Corrosion resistance. 
h. Heat resistance, 
c. Diffusion in the solid state. 
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a. Corrosion Resistance. — As pointed out in an earlier refer- 
ence, the fact of corrosion susceptibility of the metal should not be 
surprising- While structurally, and in certain aspects of behavior, 
the metals are quite apart from the other elements, they are first 
and always genuinely elemental, possessors with the nonmetals 
of a combining urge, and constrained in all points as they are to 
enter into chemical union. Corrosion is nothing more or less 
than a form of chemical (electrochemical) activity. The rusting 
of iron is perhaps the best known, and certainly the most dis- 
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Fig. 119. — Effect of aging time on hardness. Cu = 97.78 per cent; Ni = 
1.77 per cent; Si = 0.04 per cent (Ni 2 Si = 2.08 per cent cal.). {After Gonser 
and van Wert.) 
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turbing, instance of the corrosion phenomenon. Let us briefly 
consider the chemistry of the corrosion process' of that metal. 
It is no simple process, but from the point of view of the electronic 
theory,^ it may be outlined in a very simple way. 

Iron in air (not necessarily saturated with water vapor) 
becomes covered with an invisible moisture film. Because iron 
is above hydrogen in the electrochemical series, it tends to lose 
electrons and to dissolve, entering the solution as ferrous ions, 

Fe solid + 2H+ + 2H-(±^ Ha) (1) 

In water, there is always a certain low concentration of hydro- 
gen and hydroxyl ions, 

H 2 O ±:; ■+ OH- (2) 

^ There is an alternate theory, the acid theory, which postulates, in 
addition to the oxygen and water of the electrochemical theory, the presence 
of an acid (carbonic usually). 
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The amounts of the ferrous ion (Fe-^) and of the hydroxyl ion 
(0H“) which can exist simultaneously are very small. ^ Conse- 
quently ferrous hydroxide will tend to precipitate, 

Fe++ + 20H- -> Fe(OH )2 (3) 

or this will further react with the oxygen to form and precipitate 
the ferric hydroxide, 

2Fe(OH)2 + H 2 O + O 2Fe(OH)3 (4) 

which subsequently may be converted into the corresponding 
oxide, 

2 Fe (OH) 3 FesOs + SHsO (5) 

Any condition of chemical or physical heterogeneity (strain) 
facilitates the corrosive attack, assumably because then different 
parts of the surface hold electrons with different degrees of 
tenacity; that is to say, all surface electrons cannot be in equi- 
librium with the solution at the same time. Those parts of the 
surface of relatively loose electronic relationships become centers 
of anodic activity, and other parts act as cathodes. Thus is set 
up a galvanic cell in nainiature, whereby corrosion proceeds in an 
accelerated fashion. 

There are several factors, applicable in general or in specific 
cases, which influence in one way or another the corrosion process. 
One, already mentioned, is a lack of chemical homogeneity in 
the alloy, or even in the commercially pure metal. It seems 
probable that a piece of an absolutely pure metal, iron, for 
example, which at the same time is physically uniform through- 
out, would not corrode. This probability remains definitely 
unproved, however, since we lack, in the case of iron at least, a 
metal of that purity. The effect on corrosion of the presence of a 
second element, even where present in seemingly infinitesimal 
amounts, depends commonly on the manner of alloying. If a 
duplex structure in the alloy results from the addition of one 
metal to another, the corrosion resistance of the alloy will be no 
better, and may be worse, than that of the more corrodible con- 
stituent of the conglomerate. One says that actual impairment 

1 The solubility of Fe(OH)2 at room temperatures is only four parts per 
million. 
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may ensue from such an alloying procedure because of the 
possibility of galvanic action (electrolysis) occurring between the 
two unlike, discontinuous constituents, making the conglomerate 
alloy more, susceptible to attack than the more corrosible com- 
ponent would be, if it were alone. The observed incipient rusting 
around inclusions in iron is a case of localized electrolysis, while 
the preferential attack of certain corrodents on the beta phase 
of the duplex alpha + beta brasses is an example of selective 
corrosion. 



Fig. 120. — Quenched eutectoid 
steel. White constituent is marten- 
site, black is troostite. The color 
contrast indicates the much greater 
susceptibility to the etchant of the 
troostite than of the martensite. 
Nitaletch. 1000 X. 



Fig. 121. — Stainless steel (18 per 
cent Cr and 8 per cent Ni). Chrom- 
ium carbides precipitated along the 
grain boundaries. 1650 X. 


In alloys containing a finely dispersed constituent the particle 
size of the discontinuous phase is of some influence on the corro- 
sion resistance. Where the particle size is small, say of sub- 
microscopic dimensions, the corrosion resistance is commonly 
much inferior to those alloys where sizable, dispersed particles 
exist. Troostitic steels (Fig. 120; the constituent troostite 
represents a condition of coalescence of the cementite just above 
that found in aged martensite) are definitely less corrosion- 
resistant than either the martensitic or the sorbitic steels, which, 
in turn, represent a still further advance in the degree of agglom- 
eration of the carbide. Drastically quenching alpha + beta 
brasses and subsequently reheating them to low temperatures 
result in the formation of an unresolvable structure, consisting 
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presumably of submicroscopic particles of the alpha phase dis- 
seminated in the beta ground mass (Fig. 1226). The alloy thus 
heat-treated is distinctly less etch- (corrosion-) resistant than the 
alloy simply quenched (Fig. 122a), in which practically all the 
copper is atomically dispersed (in solid solution) in a single 
phase (beta), or indeed than the alloy where the treatment is 
such as to produce a conglomeration of the alpha constituent 
into large particles. 



Fig. 122a. — Sixty per cent copper 
brass (Muntz metal) quenched from 
840°C. The beta constituent, with 
some precipitated alpha in the grain 
boundaries. Etches with the usual 
100 X. 


Fig. 122&. — Same as Fig. 122a, but 
reheated after quenching to 250®C. 
for 23 ^^ hr- The unstable beta solu- 
tion of the quenched alloy has broken 
down, precipitating the alpha phase 
in a finely dispersed state. Darkens 
rapidly on etching. 100 X. 


With such dispersed conglomerates as troostite, duplex brasses, 
etc., we are dealing fundamentally with the effects of structural 
heterogeneity on corrosion — effects, however, which are compli- 
cated by the factor of particle size. Apparently an extremely 
small particle size of a constituent of a complex is of consequence 
because the total superficial area of the discontinuous phase is 
out of all proportion to its total mass. 

There is a rather widely observed tendency for precipitates to 
segregate in or near the grain boundaries, either because the 
dissociation of the parent solution is most rapid in these areas or 
because the regions immediately adjacent to the crystallite inter- 
face are more ''open,’' offering less effective resistance to atom 
diffusion and thus to particle coalescence. Thus originates a 
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particularly pernicious form of corrosive attack — intercrystalline 
corrosion, where the corrodent concentrates its efforts on these 
particular vulnerable areas. The metal becomes eventually 
honeycombed, a condition less discoverable by appearance or 
weight loss than by decrease in ductility and tenacity. Duralu- 
min — an age-hardening aluminum alloy — is less corrosion- 
resistant if aging occurs at 250°C. than if it takes place more 
slowly at ordinary temperatures, conceivably so because in the 
higher temperature-aged alloy (diffusion having been more 
active) some grain-boundary segregation of the precipitate 
occurs. The stainless steels of the 18 (chromium)-8 (nickel) 
type, probably the best known of the noncorrodible alloys of iron, 
lose their stainlessness if intergranular precipitation of the car- 
bides (of chromium, iron) occurs. This is the case in the steel 
whose photomicrograph is shown in Fig. 121. 

Generally speaking, among the several alloy types, the solid 
solutions exhibit the best corrosion resistance, but for the fullest 
development of this property they must be homogeneous, 
nondendritic in character, they must be inclusion-free, and in 
some instances they should be of definite compositions. The 
maximum stainlessness of the stainless steels is attained after a 
heat-treatment wi^ch puts into, and retains in, solid solution all 
chromium and carbon (and nickel) . We have then a single-phase 
alloy. There can be no question, then, of possible galvanic 
activity. Tammann observed many years ago that certain 
definite compositions in the gold-copper and the gold-silver alloys 
gave best resistance. The specific compositions which proved 
themselves superior were those where the nobler metal consti- 
tuted 12.5, 25, 37.5, etc., atomic per cent of the alloy, or where 
the number of atoms of the nobler metal constituted 3^, 
etc., of the total atoms present. These critical compositions 
were called reaction limits,^' This circumstance explains the 
curious fact, known to all assayers, that it is impossible to 
^^part’^ the gold from silver unless the original bead contains 
more than 50 per cent of silver. Apparently, there is some con- 
nection between the fact of ‘^reaction limits and the tendency 
to form symmetrical solid solutions, since both conditions are 
found only at definite atomic percentage compositions, and both 
are manifest only after prolonged heating. It would appear that 
some specific geometrical grouping is responsible for both and 
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that a symmetrical solid solution permits of a better coverage'^ 
of the less noble metal by the nobler metal. 

Any physical nonuniformity is likewise conducive to lowered 
corrosion resistance. A localized strain-hardened area, as that 
existing immediately surrounding punched rivet holes in boiler 
plate, is anodic to more distant, unstrained areas. Corrosive 
attack starts in this deformed portion, then spreads elsewhere. 
Annealing to permit the deformed metal to recrystallize remedies 
the situation. A curious variant of strain corrosion is the 
phenomenon known as season cracking.’^ The breach ends of 
large-size cartridge cases (made of alpha brass) are formed by a 
cold-heading operation. Furthermore, the circumferential sur- 
face of the central primer hole is cold-swaged to size. The pur- 
pose of both operations is to provide the necessary strength in the 
head, and ,to secure a wear resistance on the hole surface suffi- 
cient to allow several replacements of the primer without an 
undue increase in the diameter of the hole. Cartridge cases so 
made, on storage in humid, tropical climates for several months, 
may develop a series of radial cracks in the breach head. The 
cartridge case may even split throughout its entire length. The 
appearance of the radially cracked head closely resembles that of 
the end of a well-seasoned log, whence has come the name of the 
phenomenon. The cracking results from the slow action of a 
mild corrodent on the alloy which has some residual internal 
strains from the manufacturing operation. Traces of ammonia 
and other nitrogen-bearing gases in the atmosphere, resulting 
from the evaporation or decomposition of organic substances, 
are particularly effective. 

The cure for the condition is to render the article immune from 
attack by removing the residual strains. A short-time (flash) 
anneal is usually sufficient, yet at the same time results in no 
appreciable letdown in the hardness. The test for season- 
cracking susceptibility illustrates an interesting instance of inter- 
crystalline attack. Moreover it is an exaggerated case of an 
accelerated corrosion test. The finished article is immersed in 
an aqueous solution, of the proper concentration, of a mercury 
salt. Copper enters the aqueous solution, the replaced mercury 
attacks the metal surface and works its way, at a surprisingly 
rapid rate, along the grain boundaries below. The cohesion 
between the alpha grains is thereby lessened, in severe cases, 
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totally destroyed. The presence of residual stresses from a cold- 
working operation in such a weakly cohering aggregate causes 
cracking and, in extreme cases, complete disintegration of the 
article. This may take only a few minutes, if the internal strain 
is of any consequence at all. The test is obviously a destructive 
one and its value is, of course, principally in developing a manufac- 
turing technique whose products shall be immune from this defect. 

The effect of temperature on corrosive attack is to be expected 
from the known behavior of chemical reactions with increase of 
temperature. The resistance of a metal at higher temperatures 
is decreased because the activity of the corrodent is greater. In 
some cases the accelerating effect of temperature on corrosion is 
partly directly traceable to the metal itself; it actually becomes 
less resistant. This is particularly true in those alloys where the 
so-called reaction limits are found. The ennobling effects of these 
critical compositions disappear at high temperatures, seemingly 
because the increased kinetic energy of the noble atoms, by 
reason of the high temperature, causes them to be less perma- 
nently secure in their sentry positions. 

Always a determining factor in corrosion is the character of 
the corrosion product. If a piece of iron or mild steel is immersed 
in dilute nitric acid, it becomes immediately attacked, and the 
attack continues so long as either the metal or the acid is present. 
If, however, the metal is immersed in a more concentrated acid, 
e.g., one which has a specific gravity of about 1.3, the attack 
which is rather vigorous at first soon abates and may even cease 
altogether. With still higher concentrations of acid, (specific 
gravity, 1.42), there is no apparent attack at all. Immersion in 
acid of this high concentration has made the metal ‘^passive.” 
This immunization, as far as this particular corrodent is con- 
cerned, is seemingly permanent. With respect to other corro- 
dents, particularly those which do not themselves produce 
passivity {i.e., are not oxidizing), the condition is temporary. 
The cause of passivity is the formation of an impervious film of 
oxide (ferric oxide, in this case), of not more than 0.00005 mm. 
in thickness (Evans). This investigator observed the existence 
of such a film on metal that had been merely exposed to air for a 
short time. 

If the corrosion product forms an impervious, continuous, and 
closely adhering film over the surface attacked, the metal under- 
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neath is permanently protected. The metal chromium added 
to iron or to mild steel produces passivity effects, supposedly 
because the protective film resulting is a much more stable one 
than the film that forms on chromium-free iron. Any constit- 
uent, or enclosure, like carbides in steels, which breaks up the 
continuity of the oxide film, decreases the latter's efficiency as a 
protective coating. Also, in the case of carbides in steels, the 
fact that they are electronegative to ferrite results in the latter 
being attacked, thus undermining the protective film. 

Bronzes (copper-tin alloys) and the tin-bearing brasses exhibit 
considerable resistance to salt-water corrosion, which is one of 
the most active of corroding processes. The passivity of these 
substances is supposedly due to the early formation of a protec- 
tive film of a stable tin chloride. Lead and other metals and 
alloys are similarly protected by a corrosion-product film. In 
other cases, the corrosion product is either chemically unstable 
or physically such that it affords no real protection. The product 
of the rusting of iron — iron rust — belongs to this category. It is 
ordinarily a voluminous powder, variable in composition, and 
giving no protection because it does not adhere tightly to the 
place of its origin. Moreover, it is not impervious to moisture; 
actually it may facilitate corrosion through its absorption of 
moisture. 

With respect to natural corroding agencies, we may distinguish 
three: air, water, and soils. These differ from each other, per- 
haps not so much in the fundamental mechanism of attack as in 
the rate and severity of dissolution and disintegration of a given 
material. Each general corroding medium is, in reality, a 
complex system, involving in each instance such factors as: 

a. Air: Whether inland or shore (salt spray); presence of smoke and 
industrial gases (SO2, H2S, CO2, etc.); humidity, temperature, wind velocity, 
etc. 

h. Water: Fresh, or salt, purity (dissolved substances from soil, air, etc.); 
industrial wastes; flowing or stagnant; presence of suspended matter; 
bacteria and other marine organisms. 

c. Soils: Composition (alkaline, saline, sulphurous, decomposing organic 
matter, etc.); physical texture; ground water composition and seasonal 
fluctuation of ground level; electrolysis caused by stray underground 
currents; plant life. 

The practical significance of so large a number of possible 
variables in any one of the three natural environments is (1) the 
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impossibility of anticipating with any feeling of confidence in 
one's conclusions what the behavior of a given alloy will be when 
it is exposed to the atmosphere, immersed in water, or buried in 
the soil, except as one's expectations are based on evidence 
derived from previous experience with the actual conduct of the 
alloy in service under supposedly identical conditions; (2) the 
futility of expecting to simulate in the laboratory the often 
hopelessly involved conditions surrounding corrosive attack in 
nature, and the questionable worth of laboratory results obtained 
when such conditions are not faithfully duplicated; and (3) the 
unlikelihood that a single alloy will have its corrosion-resisting 
powers so generalized and catholic that it is equally invulnerable 
to all sorts and conditions of corrosive attack. 

The demands of modern chemical technology are no less exact- 
ing, with respect to corrosion resistance, than is nature itself, but 
the corroding conditions are more often known and are more 
accurately reproducible in laboratory tests. The heavy chemi- 
cal, paper, soap, paint and pigment, nitrogen-fixation, pharma- 
ceutical, and the dye and organic-chemical industries — to 
mention a few — require corrosion-resistant materials for con- 
tainers and apparatus used in the manufacture, storage, and 
transfer of corrosive liquids peculiar to each industry. The 
corrosive conditions encountered in some of these manufacturing 
processes may be made more severe by reason of the high tem- 
peratures employed. The cleansing, dyeing, and laundry indus- 
tries are also important users of corrosion-resistant metals. 
This is also true for those industries interested in the preparation 
and manufacture of food products — the sterilization and distri- 
bution of milk and other alimentary liquids, the manufacture of 
edible oils, and the preparation and preservation (canning, 
desiccation, refrigeration) of fruits, vegetables, meat, and fish. 
In most of the latter cases, it is not only a question of securing a 
reasonably long life in a container, conveyor, or machinery part, 
but the possibility of contamination of product may be of greater 
weight in the choice of what material to use. 

A short list of noncorroding metals and alloys follows. It 
should be remembered, however, as the corrodibility of a metal 
is so often a question of a particular corrodent, that with respect 
to some media any of the alloys listed might possess little 
merit. 
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1. Absolutely pure metals and the commercially pure noble metals. 

2. Noble-metal alloys of high fineness. 

3. Alloys of iron, of low or no carbon content, with chromium, or with 
chromium and nickel. 

4. Alloys of iron with high silicon. 

5. Nickel alloys of high nickel content with iron, chromium, and copper. 

6. Complex chromium, nickel, silicon, molybdenum, tungsten, and iron 
alloys containing three or more of these metals. 

7. Cobalt alloys with chromium or chromium and tungsten. 

8. Nitrogen-surfaced steels. 

9. Nontarnishable (stainless) alloys, as the noble metals and their alloys, 
the stainless steels of the 18-8 or the cutlery type, German silvers, austen- 
itic steels, etc. 

Three groups of useful, npncorroding alloys of chromium, iron, 
and nickel are shown in a three-dimensional plot in Fig. 123. 


Nl 



Fig. 123. — Corrosion-resistant alloys of iron, nickel, and chromium. Shaded 
area = stainless irons; curved area = nichromes; area ABODE = turbine blade 
alloys (German). {After Mony'penny.) 

b. Heat Resistance. — Heat resistance implies (1) resistance to 
oxidation, and other reactions, at high temperatures; (2) struc- 
tural stability at high temperatures; and (3) the retention of 
adequate mechanical properties at high temperatures. 

It has been stated above that a very thin, invisible film of 
ferric oxide is found on iron which has been exposed to air at 
ordinary temperatures for a short time. As the temperature 
rises, the thickness of the film increases, at first becoming thick 
enough to become visible through interference effects, then 
becoming definitely opaque and taking on a scalelike character. 
The circumstance that the film increases in thickness with 
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temperature indicates that the film first to form is not sufficiently 
protective in preventing further oxidation. Apparently, it is 
either porous, or nonadherent, or both; in any case no really 
adequate protection is afforded by its presence, and oxidation 
of the metal below goes on apace. 

When the hardenable 12 per cent chromium stainless steels 
were first used, it was noted that they scaled less badly during 
heat'treatment than did the plain carbon steels, obviously 
because the initially formed oxide film did effectively exclude 
the oxygen from the metal underneath. At temperatures up to 
800®C., or thereabouts, little scaling of these steels occurs, but 
above oxidation becomes active. At these higher temperatures, 
protection ceases, apparently through some change in the charac- 
ter of the film. It may become less stable chemically, or less 
impervious; certainly it becomes less adherent, for the alloy 
now freely scales. 


Table 12. — Weight Increases (Mg./Sq. Cm. op Surface Area) op 
Steels When Heated in Air for 24 Hours 
{After Hatfield) 


Temperature, ®C. 

Mild steel 
(0.17% carbon) 

Cr steel 
(0.32% carbon; 
13.12% Cr; 
0.29% Ni) 

Cr-Ni steel 
(0.12% carbon; 
17.74% Cr; 
8.06% Ni) 

100 

nil 

nil 

nil 

200 

0.03 

0.01 

nil 

300 

0.13 

0.04 

0.02 

400 

0.45 

0.08 

0.04 

500 

0.62 

0.09 

0.04 

600 

4.64 

0.20 

0.13 

700 

11.92 

0.40 

0.22 

800 

44.92 

0.77 

0.40 

900 

57.17 

1.07 

0.46 

1000 

135.78 

66.67 

21.82 

1100 

208.00 

165.27 

72.30 

1200 

399.88 

261.00 

177.66 


A comparison of the relative scaling resistances of a plain 
carbon steel, a chromium steel, and a chromium-nickel steel 
of the 18-8 type is given in Table 12. The figures represent 
increases in weight due to the formation of the oxide scale. It 
will be noted that in the case of the two alloy steels the weight 
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increases due to scaling are not appreciable until temperatures 
of 1000®C. are reached, while scaling of the carbon steel is active 
at 700°C. 

Table 13. — Effect op Varying Atmospheres on the Rate op 
Oxidation op a 0.17 Per Cent Carbon Steel at 900°C. 

{After Mony 'penny) 

Increase in Weight 

Atmosphere (Mg./Sq. Cm. of Surface) 


Pure air 55 . 24 

Atmosphere 57.17 

Atmosphere +2% SO 2 65.76 

Atmosphere + 5% SO 2 + H 2 O 152.42 

Atmosphere +5% CO 2 + H 2 O 100.44 


Table 14. — Effect op Varying Chemical Composition of Steel on 
Its Corrosion Rate at 900°C. in a Furnace^ 

(After Monypenny) 




Composition 


Increase 

c 

Si 

Cr 

Ni 

ill w eight 
(mg./sq. cm. 

' of surface) 

0.17 

0.18 


0.25 

73.10 

0.50 

3.04 

8.28 

0.16 

0.51 

0.09 

0.37 

18.53 

0.26 

1.38 

0.11 

0.21 

14.84 

10.16 

3.84 

0.12 

0.31 

17.74 

8.06 

0.33 

0.35 

0.21 

10.90 

I 35.14 

1.01 

0.24 

0.16 

0.09 

i 36.90 

27.70 

0.58 

4.00 

15.54 

i 8.14 

0.06 

0.30 

i 1.46 

17.74 

7.00 

4.23 0.18 

0.06 

0.71 

11.69 

60.40 

0.77 


1 Analysis of furnace atmosphere: N 67.7 per cent; O 1.34 per cent; CO 2 4.75 per cent; 
steam 21.10 per cent; SO 2 0.003 per cent; and CO 5.10 per cent. 


The effects of the chemical composition of alloy and of the 
atmosphere on corrosion may be seen in Tables 13 and 14. The 
results of Table 13 show that atmospheres containing considerable 
quantities of either SO 2 or CO 2 are more corrosive than air free 
from these two anhydrides. Monypenny has further sum- 
marized the effects of special elements in steels on corrosion 
resistance at high temperatures (supporting data are only incom- 
pletely shown in Table 14) as follows: 
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1. Chromium is the chief agent in promoting resistance to oxidation; 
the amount of this metal required in iron chromium alloys to give 
protection at various temperatures is approximately 15 per cent for 
temperatures up to 850°C., up to 30 per cent for temperatures as high 
as 1150°C. The respective values are not affected appreciably by the 
presence of 8 or 10 per cent nickel in the steel. 

2. A high nickel content, 20 per cent or more, increases the 
protection afforded by a given amount of chromium to oxidation by 
air, oxygen, steam, or carbon dioxide. A high nickel content, however, 
is not useful if resistance is desired at high temperatures to gases con- 
taining sulphur dioxide or other sulphur compounds, 

3. Small additions of silicon or aluminum, e.g., 1 or 2 per cent, 
increase very markedly the resistance of high chromium steels to 
oxidation. 

4. The presence of 3 or 4 per cent tungsten in chromium or chromium- 
nickel steels does not appear to increase the resistance to oxidation. ^ 

Stainless steels are not the only heat-resisting alloys, nor are ’ 
they the oldest. Previous to their introduction, the carbon-free 
alloys of chromium and nickel (nichromes), and of iron, chro- 
mium, and nickel had been long employed for this purpose. 
These alloys are still widely used. In addition to high scaling 
resistance, they have a low electrical conductivity and a very 
low temperature coefficient. They have long been used as 
electrical-resistor units. They seem ideal for this purpose since 
in addition to the desirable electrical properties mentioned, a 
prolonged exposure to high temperatures does not unduly 
decrease their cross-sectional area through scale formation. 

For many high-temperature uses, a certain degree of internal 
structural stability is required in an alloy, as well as an external 
passivity. Grain growth on long exposures to high temperatures, 
and other structural alterations incident to heating to, and cooling 
from such temperatures are cases in point. Grain growth in 
stainless steel, for example, depends in addition to the effect 
of temperature, per se, on the temperature of the alpha ±=; gamma 
transformation (which in turn is a function of the chromium 
and nickel contents), for the ferritic grains grow rather more 
actively than do the austenitic ones. Grain growth here, as 
in other cementitic steels, is also dependent on the amount of 
the obstructing carbides. 

^ Monypenny, J. H. G. Stainless Iron and Steel,” 2d ed., p. 421, 1931. 
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The general effect of change in mechanical properties with 
temperature has already been discussed in an earlier section. 
In Fig. 124 are given the comparative high-temperature strengths 
of a hardened stainless steel (12 per cent chromium) and of two 
similarily treated carbon steels. The superiority of the chro- 
mium steel in strength properties at high temperatures is appar- 
ent. We should expect, therefore, 
that the creep strength of the stain- 
less steel would exceed those of the 
simple carbon varieties, and this is 
indicated in the plotted values of 
Fig. 125. 

c. Diffusion in the Solid State, — 

Chemical likeness in all its parts is 
characteristic of any solution, and 
the solid variety seems no exception. 

But quite otherwise may be the 
fact, as is commonly the case when 
an alloy solidifies under the usual 
nonequilibrium-attaining, selective 
freezing procedure of solid solutions. 

In these heterogeneous solutions, 
the urge for uniform distribution, 
on the part of the solvent and the 
solute atoms, becomes realized only 
when circumstances are favorable 
for diffusion. The normal rigidity 
of the lattice at ordinary temperatures effectively prevents an 
atomic migration sufficient to bring about homogeneization. 
However, if the chemically heterogeneous, dendritically segre- 
gated solid solution is subsequently heated for a sufficiently 
long time, at a temperature somewhat below its melting point, 
diffusion can occur, and eventually the alloy will become 
chemically uniform. 

If two metals (or a metal and an alloying nonmetal), which 
normally form solid solutions with one another, are placed in 
intimate contact, and heated, it will be found that atoms of the 
one will have passed into the lattice of the other. This is another 
instance of diffusion in the solid state and, like the homogeneiza- 



0 200 400 600 

Temperature, Deg.C. 

Fig. 124. — Tensile strength, of 
hardened steels at temperatures 
up to 600°C- A, stainless steel 
(12 per cent chromium) ; B, one per 
cent carbon steel; C, one-half of 
one per cent carbon steel. {Afte 
Monyvenny. 
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tion of ^‘as-cast” solid-solution alloys, forms the basis of many 
industrially important processes.^ 

The migratory behavior of atoms within a lattice, seeking 
lower concentration levels, more especially their diffusion rates, 
is influenced by two groups of factors: (1) those which concern 
solubility, and (2) those which determine the ^Tooseness’’ of the 

solvent lattice. Under Group 
I are included such influencing 
factors as the extent of solid 
solubility, the type of solid 
solution forming, and the rela- 
tive size of the solvent and the 
solute atoms. It is an obvious 
prerequisite of diffusibility in 
the solid state that the atoms 
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Fig. 126. — Stresses producing creep concerned belong tO metals 
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0.34 
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0.86 
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E 
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0.43 

18.11 

8.12 


F 

0.14 

1.09 
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that form solid solutions with 
one another. An atom must 
be part of the lattice structure 
occupying either points thereon 
or positions within — before it 
can move about through the 
lattice. When there is no 
appreciable solid solubility, any 
migratory movement must be confined to the grain boundaries. 

The marked diffusibility of the relatively small, interstitially 
placed carbon atoms in gamma iron has already been referred to. 
On the other hand, we find the absorption of carbon by alpha 
iron to be extremely slow. This is apparently due to the low 
solubility of carbon in the low-temperature modification of iron. 

The factors of the second group that may influence difiusi- 
bility are those which have some influence upon the physical 
character of the lattice, i.e., upon its openness or 'Tooseness.'' 
At room temperatures, the lattice is ordinarily a rigid affair, and 
a wandering atom makes little or no headway. As the tempera- 
ture is increased, the kinetic energy of the atoms on the lattice 


^ For example, carburizing (introducing carbon into the surface of a mild 
steel); nitriding (introducing nitrogen into the surface of certain steels); 
sherardizing (introducing zinc into the surface of iron); and calorizing 
(introducing aluminum into the surface of iron). 
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positions becomes greater and their oscillations (thermal) assume 
a wider amplitude. As a consequence, the possibility of shif't 
in positions becomes real. Diffusion may then occur with con- 
siderable rapidity. 

Cold deformation also increases the diffusion rate, probably 
because it, too, disturbs or ‘^loosens’’ the lattice through the 
distortion produced. In such a loosened lattice, atomic inter- 
change is made easier. 

Grain size is also of some consequence in determining diffusion 
rate, with the faster rates found in the finer grained aggregates. 
The grain-boundary effect is perhaps again associated with the 
assumed more open lattice in the grain-boundary regions. Some 
such condition has been suggested to explain grain-boundary 
segregation of precipitates, such as occurs, for example, in certain 
heat-treated stainless steels. 

Some recent work indicates that when two metals are in close 
contact, atomic migration proceeds from the metal whose 
‘‘interatomic distances” are smaller to that whose “distances” 
are larger. In Table 15, are given the results of this study. 

Table 15. — Difpusibility Directions in Some Metal Pairs 


Metals 

Minimum interatomic 
distance, cm. X 10"^ 

Direction of 
diffusion 

Cu-Pt 

Cu 2.54 



Pt2.78 

Cu penetrates Pt 

Fe-Ag 

Fe 2.54 



Ag 2.876 

Fe penetrates Ag 

Au-Pb 

Au 2.88 



Pb3.48 ! 

Au penetrates Pb 

Fe-C 

C1.50 



Fe2.54 

C penetrates Fe 


III. Physical Properties. 

1. Electrical conductivity. 

2. Thermal conductivity. 

3. Magnetic properties. 

4. Thermal expansion. 

5. Color. 

Electrical Conductivity. — The conductivity of alloys is gen- 
erally inferior to that of the pure metals; the variation of this 
property with composition, for the several types of solidifiication 



Conoluctivit^ Temp. Conoluc+ivHy Temp. Conductivi+y Temp. 
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procedures, is given in Fig. 126. Alloys of the solid-solution 
type of structure, because of the latter’s abnormally high resis- 



Composition 



ComposHion 


{oi> Complete solid insolubil- 

Pc?<rtio»l solid solubility 
{c) Complete solid solubility 
^d) Intermetallic compound 
fortriottion otnd no solid 
solubility 

^e) Intermetoiilic compound 
formcJition cnnd poirtioil 
solid solubility 


Fig. 126. — Electrical conductivity curves in relation to constitution. 


tivity effects, are the alloys of interest. The introduction of 
stranger atoms in the host lattice severely curtails the ^Treedom” 
of the electrons supposedly responsible for electronic conduction. 
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It also makes such conduction less dependent on temperature, 
for the temperature coefhcient of resistance of solid- solution 
alloys is invariably low. The temperature coefficient vs. compo- 
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Fig. 127. — Thermal conductivity of the copper-nickel alloys as calculated from 
thermoelectric measurements by Sedstrom, 
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sition curve of an isomorphous-solution series is, like the con- 
ductivity vs. composition curve, a broad U-shaped affair. The 
particular solid-solution alloys 
that have proved especially 
useful technically, not only 
because of their inherently high 
resistivities, but also because 
of their superior heat-resisting 
properties, are alloys of the 
metals chromium, nickel, and 
iron. Some of these alloys, 
with their specific resistances 
and their temperature coef 
cients, are given in Table 16. 

The electrical conductivity 
of a solid solution is a function, 
as we recall, of the composition 
(Fig. 128) ; it is also dependent 
on the heat-treatment, if super- 
structural tendencies are pres- 
ent or if the solid solution is 
age-hardenable by reason of 
supersatur ation . (See Fig. 

133c.) The addition of a solu- 
ble third metal to a binary- 
solid solution will result ordinarily in a further increase in the 
resistance. 


20 40 60 80 100 

Nickel -Percent—^ 

Fig. 128. — Equilibrium diagram, and 
the electrical conductivity of the copper- 
nickel system. 
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Thermal Conductivity. — ^Like its electrical counterpart, thermal 
conductivity is most influenced by solid-solution formation. 
The similarity between the two conductivity curves (compare 
Fig. 127 with Fig. 128) is striking. 

Magnetic Properties. — Magnetically, substances may be 
divided into two groups : those (called paramagnetic) which are 
more permeable than air to magnetic lines of force, which concen- 
trate such lines as pass through them and which, themselves, 
become aligned parallel to a nonuniform magnetic field; and those 
(diamagnetic) which are less permeable than air, disperse the 
lines of force, and assume a position normal to the field. Three 


Table 16. — Electrical-resistance Properties of Some Chromium- 

nickel. Alloys 


Composition 

Specific 
resistance 
/ohm sq. mm.^ 

Temperature 
coefficient 
of resistance 
(200-1000°C.) 

Cr 

Ni 

Pe 

Mo 

V m. ) 

11 

89 



0.85 

0.000200 

15 

85 


. . 

0.95 

0.000061 

20 

80 



1.10 

0.000068 

15 

63 

22 


1.11 1 

0.000117 

20 

70 

10 


1.08 

0.000091 

25 

65 

10 


1.10 

0.000076 

33 

50 

17 


1.05 

0.000227 

15 

53 

15 

7 

1 . 20 

0.000056 


elementary substances of the paramagnetic group — iron, nickel, 
and cobalt — are abnormal in their magnetic properties^; they 
and certain of their alloys and, curiously enough, another group 
of alloys containing no one of the three constitute a special case of 
paramagnetism, known as ferromagnetism. Iron and nickel lose 
their ferromagnetic properties when heated to a sufficiently high 
temperature and become simple paramagnetic bodies. This 
magnetically critical temperature (the Curie point) is 

^ The factor of permeability (/x), (conventionally taken as equal to unity 
for air, is less than unity for diamagnetic bodies and greater than unity for 
paramagnetic bodies) is constant, i.e.^ independent of the strength of the 
magnetizing field, except in the case of ferromagnetic substances. 
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for iron and 368°C. for nickel. The transformation temperature 
is affected commonly by alloying (see Fig. 128). 

The ferromagnetic metals and alloys, in turn, may be divided 
into two general classes: those magnetically soft, and those 
magnetically hard — a property distinction that may most readily 
be clarified by a comparison of the characteristics of the magne- 
tization cycles of the two groups. Two such curves, one of a 
magnetically soft and another of a magnetically hard material, 
respectively, are given in Fig. 129. Each curve is a plot of the 
magnitude of the magnetism, the so-called flux density (B), 


B 



(a) Magnetically soft. 


B 



(6) Magnetically hard. 


Fig. 129. — Schematic representation comparing characteristics of magnetically 
soft and hard materials. {After Ellis and Schumacher.) 


induced in the magnetic material vs. the strength of the exciting 
magnetic field (H). The former quantity is measured in oer- 
steds, and the latter in gauss. 

The distinctive differences between a magnetically soft and a 
magnetically hard material, as is manifest by a comparison of 
their hysteresis loops, are: the smaller loop area of the soft 
material, indicative of the lower energy (heat) losses sustained 
when the latter material undergoes repeated cyclic changes; 
the steeper slope {B/H values) of the magnetization curve of the 
softer material, revealing the latter^s greater initial permeability; 
and the lower coercive force of the soft material which is a 
measure of the retentivity (the tenacity with which the residual 
magnetism is held) . 
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The physical metallurgist’s interest in niagnetic properties 
comes about through the circumstance that these properties are 
influenced by chemical composition, by physical constitution, 
and by thermal and mechanical treatment. Let us first consider 
the magnetically soft group of ferromagnetic materials. Of 
importance here are: pure iron, alloys of iron and silicon, of iron 
and nickel, and of iron and cobalt. 

1. Magnetically Soft Alloys- a. Iron and Iron-silicon Alloys. 
The magnetization characteristics of a single crystal of iron are 
given in Fig. 130a. Obviously, for moderate field strengths at 
least, the ease of magnetization of such a crystal is not altogether 
an isotropic property. 

The alloying elements inadvertently present in iron of com- 
mercial purity, which are of greatest influence on the magnetic 
properties of iron, are those which are interstitially soluble, in 
particular carbon, oxygen, and nitrogen. These are most com- 
pletely removed by a high temperature (above 1300°C.) annealing 
in a hydrogen atmosphere. A much older but generally less 
effective method of improving the magnetic softness of iron is the 
addition of silicon in amounts of about 4 per cent. Silicon enters 
the iron lattice substitutionally, and this mode of solution is 
evidently much less destructive of the permeability properties of 
the iron than is the alternative solution method; moreover 
the presence of silicon in the lattice apparently lessens iron’s 
solubility for carbon, while the deoxidizing powers of silicon aid in 
the removal of the dissolved oxygen. Altogether the effect of 
silicon on magnetic softness is a decided one (see Fig. 1306). 
Mild steel, containing about 4 per cent silicon (electrical sheet), is 
a widely used material of the electrical machinery industry (for 
alternating-current machinery). 

6- Iron-nickel Alloys . — Two compositions are magnetically 
and met allographic ally interesting: the 25 per cent and the 78 
per cent nickel alloys. The 25 per cent nickel alloy occurs 
around the composition which shows maximum hysteresis in the 
Tparamag. ^ <^ferromag. chauge ou heating aud cooling. On cooling 
this alloy from the gamma field, the y a change is not complete 
until temperatures somewhat below room temperature are 
reached; on reheating the completely transformed, i.e., ferro- 
magnetic alloy, the reverse a-^y change is not fully accomplished 
until* about 600°C, In other words, the alloy is either ferro- 
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magnetic or not at temperatures within the hysteresis gap, 
depending upon the direction of approach. If this be from above 
(on cooling), the alloy will be nonmagnetic; if from below^ (heat- 
ing), it will be magnetic. This has been called an 'irreversible 



Fig. 130a. — Magnetization curves of a single crystal of iron. {After Honda and 

Kay a.) 

alloy,” but the behavior of the alloy is not precisely so; it does 
really reverse itself, but at a temperature distance which, from 
one's knowledge of the magnitude of other hysteresis effects, 
would be considered unusually far. 



silicon steel. {After Ellis and Schumacher.') 

The 78 per cent nickel alloy — one of the group of the "perm- 
alloys” — has an extremely high initial permeability. The 
magnetization curves of this alloy, in two heat-treated conditions, 
and — for comparison purposes — that of a commercially pure. iron 





196 AN INTRODUCTION TO PHYSICAL METALLURGY 


(Armco) are shown in Fig. 131. The 78 per cent alloy is also 
interesting metallographically because of the circumstance that 
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Pig. 131. — Magnetization curves of Armco iron and 78 per cent nickel Permalloy. 

{After Elmen.) 

its magnetic softness is susceptible of modification by heat- 
treatment. In Fig. 132 is given the relationship between the 

initial permeability and compo- 
sition of the iron-nickel alloys. 
Two different heat-treatments 
are also shown here : air quench- 
ing from above 500°C., and 
a very low temperature anneal 
(bake). The marked disparity 
in permeability values resulting 
from so simple a variation of 
thermal treatment of a non- 
polymorphic solid solution as is 
show^n here in the case of the 
78 per cent alloy, seems highly 
evidential of a distinct difference 
in the fundamental fine struc- 
ture of the two alloys. The 

circumstance that the maximum 
20 40 60 80 100 . ^ 

Nickel, Per ceni- property difference is associated 

Fig. i32.~Effect of heat- treatment with a single narrow composi- 
on the initial permeabilities of iron- /-rr j. rrn 

nickel aUoys. Elmen.) range— the 75 to 78 per 

cent of nickel range, where the 
ratio of the number of iron to nickel atoms is 1:3 — suggests, 
as pointed out by Elmen, and by Ellis and Schumacher, that 






THE PROPERTIES OF ALLOYS 


197 


symmetrical solid solutions (superstructures) form in the series 
somewhere around 500°C.’^ Heating the alloy above 500®C., 
followed by rapid cooling, preserves the random distribution 
of the two atom species on. the basic lattice, while an annealing 
below this temperature, if of a sufficient duration, permits the 
atoms to arrange themselves in a certain symmetrical fashion, 
with disastrous consequences to the permeability of the alloy. 
Other physical properties, such as the electrical conductivity 
and the tensile strength, are likewise affected by the same 
heat-treatments - 

Heusler Alloys . — Strangely enough, this group of ferromagnetic 
alloys contains no one of the ferromagnetic metals. These 
alloys are nominally manganese-aluminum-copper alloys, with 
the manganese essential and the copper and aluminum replace- 
able by elements of like valence. The ferromagnetic properties 
of the alloys are associated with the composition W'here the 
number of atoms of copper, manganese, and aluminum is in the 
ratio of 2:1:1. Quenching from above 800®C. is necessary. 
Here, again, superstructure formation is involved. 

2. Magnetically Hard Alloys. — These materials are used for 
the manufacture of permanent magnets and are characterized 
by a high residual magnetism {Br) and a high coercive force (He). 
In a permanent-magnet material, not only does one want a large 
part of the induced magnetism retained after the magnet is 
removed from the magnetizing field, but one desires also that 
this residual magnetism wall be preserved under any and all 
conditions that the magnet may meet in service. In Table 17 
is given a list of some alloys which after suitable heat-treatment 
are sufficiently hard magnetically to be used for permanent 
magnets. 

The heat-treatment given to the permanent-magnet steels, 
as those in Table 17, is to quench them from above the tempera- 
ture where the gamma phase (of iron) is the stable one, and in 
which all of the carbon is in solid solution. The cooling (quench, 
in water or oil) is not fast enough to prevent the gamma iron 
transforming to the alpha condition, in which, as we know, carbon 
has slight solubility. The carbon is thus precipitated at the 
time of the transformation, during the quenching, as discrete 
carbide (of tungsten, chromium, iron) particles, finely dispersed 
throughout the alpha-iron matrix. This critical carbide dis- 
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persion prevents changes in the magnetic condition from readily 
occurring. The quenched steel is magnetically hard, just as it 


Table 17. — Composition- and Properties of Some Permanent Magnet 

Steels 1 


No 

Composition 

Magnetic characteristics 


C 

Cr 

W 

Co 

Mn 

Si 

He 

Br 

HeX BrX 10-2 

1 

2 

0.60 

0.60 

0.90 



'0.80 

0.20 

40 

50 

9,000 

9 , 500 

360 

475 

3 

0.90 

3.5 





68 

9^500 

645 

4 

0.70 


5.0 




60 

10 , 500 

630 

5 

0.75 

4.0 

7.0 

35 



220 

9,500 

2,090 


1 From Ellis and Schumacher. 


Heat-treatment given to secure the above properties : 

Steel Treatmen-E 

1 Quenched from 800°C. in water. 

2 Quenched from 800®C. in oil. 

3 Quenched from 830°C. in oil. 

4 Quenched from 845®C. in water. 

5 Quenched from 940°C. in oil. 


is mechanically hard, and the two conditions result substantially 
from the same cause. 




Fig. 133a. — Iron-tungsten alloy Fig. 1336. — Same alloy after aging 
(72.1 per cent Fe and 27.9 per cent at 1250®C. 1000 X. {Photographs hy 

W). Quenched from 1400®C. Rogers.) 


The effect of dispersion hardening on magnetic properties, 
but this time in carhon-free alloys, is shown, for example, by 
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Rogers’^ work on iron-tungsten, iron-cobalt, etc., allots. . These 
alloys, though containing no carbon, become magneticallyp^p" 
through dispersion hardening, but the dispersing process (>ccurs 


subsequently to the quenching 
of the quenched alloy to a lower 
which the quenching took place. 
The initial heating (the so- 
called, solution anneal) has for 
its purpose the solution of all 
the solute, in this particular 
alloy, all of the iron tungstide; 
quenching is a sufficiently rapid 
cooling to prevent all but a 
very small amount (in the grain 
boundaries) of the tungstide 
from reprecipitating. (See Fig. 
133a for a photomicrograph 
of the quenched alloy.) The 
quenched alloy is then reheated 
(the precipitation anneal) at 
various temperatures to cause 
the precipitation of the tung- 
stide from the supersaturated 
solid solution . ^ Precipitation 
and the formation of critically 
dispersed particles of the tung- 
stide are especially active in 
the temperature range (for the 
particular time used) of 600® 
to 800®C., within which range 
of temperatures maximum 
changes in property values 


operation during a reheating 
temperature than the one from 



Fig. 133c, — Physical properties- 
aging curves of iron-tungsten alloy 
(72.1 per cent Fe and 27.9 per cent W). 
{Photographs and curves from Rogers.') 


occur (Fig. 133c)- Higher precipitation annealing tem- 
peratures than 800®C. ordinarily result in inferior properties. 


supposedly because the particle size of the precipitate has now 
attained extracritical size. They have lost their most effective 


^'keying powers. A photomicrograph of the alloy in a decidedly 
overaged condition is shown in Fig. 1336, The tungstide 


particles (inclusions) are very large. 


1 Thesis, Harvard University. 
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Thermal Expansion. — The metals, as do all other substances, 
suffer dimensional changes with changes in temperature. The 
increase in the amplitude of the thermal oscillations with increase 



Fig. 134. — Equilibrium diagram of the iron-nickel system. (Eliza and 
Schumacher.) 


in temperature, lately mentioned as accountable for the increased 
diffusibility at high temperatures, may also be suspected as 
responsible for increasing the distances between the atoms’ 

centers, and thus directly, the 
volumetric dimensions of the 
lattice itself. 

The linear expansivity (dila- 
tation) equation, holding for 
small changes in temperature, is 
1/ = Lo(l + at)j where Lo is the 
ao 40 60 50 ioo length at ®C., and a is the 

Mickel -Per Cent coefficient of linear expansion. 

versus composition of the iron-nickel InSUfllCient data prevent gen- 
alloys. (After Tammann.) eralization of the effect of com- 

position (or constitution) on the expansivity property, except 
possibly in the single instance of conglomerates, whose expan- 
sivity varies evidently lineally with composition. The most 
interesting group of alloys, from the point of view of expansion, 
is a solid-solution group of iron-nickel alloys. These alloys 
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have uniformly low expansion coefficients, and one — a 36 per cent 
nickel composition, known as Invar (i.e., invariant) — has a 
coefficient, in certain ranges of temperature, that is practically 
nil. The volume of this alloy is, thus, independent of tempera- 
ture within this range. 

The explanation of expansivity so abnormally low in the 
36 per cent alloy is found assumedly in the circumstance that 
there exists around this composition a structural discontinuity 
(see Tig. 134). In Fig. 135 are given the dilatation curves of 
compositions to the left and to the right of the critical composi- 
tion. Curve a-h represents the dilatation changes in the iron- 
rich alloys with increasing nickel contents, and curve h-c shows 
similar changes in the nickel-rich alloys with increasing con- 
centration of iron. The two curves intersect at about 36 per cent 
nickel, at point 5, providing a minimum value in the dilatation- 
composition curve. 

The coefficients of expansion of iron and nickel, and of some 
of their alloys, are given in Table 18. 


Table 18. — ^Linear Coefficients op Expansion of Iron, Nickel and 
Some op Their Alloys 

Coefficient X 10'’® 

Iron 12.3 

Nickel 11.6 

Alloys, Per Cent Nickel: 


25 12.0 

30 5.0 

36 1.0 

42 5.0 

44 8.0 

46 9.0 

50 10.0 


One use of the low-expansivity alloys, notably the Invar 
composition, is in parts of precision instruments, chronometers, 
measuring tapes, etc., whose accuracy would be affected if 
dimensional changes were to occur with changes in temperature. 
Another, perhaps more important, application of these alloys 
is in the manufacture of thermostatic bimetal. This is a lami- 
nated material, made by fusing together two strips of metal, 
one (as brass) having a normal thermal expansion, and the other 
being Invar. Because of the unequal expansivity on the twm 
sides of the strip, the latter becomes bent or deflected wffien 
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heated, and in a proper device this deflection may be utilized 
for making and breaking an electric circuit, operating indicators, 
etc. The manner of deflection of four of the shapes in which 
bimetal may be made is shown in Fig. 136. 

Color. — Color is an important property of metals and alloys 
that are used in the architectural and other decorative arts. 
The metals possess a characteristic sheen or luster, which is 
associated with their high degree of opaqueness. Materials 
reflect the kind of light which it easily absorbs; for example, a 
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Fig. 136. — Defiectional and dimensional constants of some bimetal shapes. 
(Courtesy of General Plate Company.) 


fuchsin (dye) solution is transparent to reds and yellows, but 
not to greens. These are absorbed, and in the spectrum the 
place of green is occupied by a black band. Green is the color 
reflected by this dye. Gold leaf permits passage of the 
blue rays but effectively stops (absorbs) the yellow ; this 
color is strongly reflected so much so that the metal is this 
particular color. The optical property of metallic luster is 
occasionally met with elsewhere— as the interface of air (bubbles) 
and water, the waxen surfaces of certain aquatic plants when 
immersed in water, and, as indicated, in certain dyes of complex 
molecular structure. 
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Colored alloys contain copper or gold, or both — the only colored 
metals. There is no information concerning structure effects on 
alloy coloration. To be sure, our colored alloys are, for the most 
part, solid solutions, but this is due to the inveterate habit of 
copper and gold to form solid solutions. Some intermetallic 
compounds, containing copper or gold, are colored; strangely, 
too, the color of the compound may be quite unlike that of the 
colored metal, as, for example, the delicate purple of the com- 
pound of copper and antimony (CuaSb). 



Nickel- Per Cent 

Fig. 137. — Color trends' in copper-nickel-zinc alloys. Shaded area indicates 
sensibly “white” alloys. {After Kihigren, Pilling and 


The off-coloring effects of alloying elements, used as hard- 
eners"^ in gold alloys, are an important consideration in the 
manufacture of these alloys. The most vigorous ^^whitener"" 
is perhaps nickel. The alloy known as 'Svhite gold,"" a substi- 
tute for platinum, contains appreciable amounts of this metal. 
Some nominal compositions of gold alloys with the color trend 
are given in Table 19. In Fig. 137 are shown the results of a 
recent study of coloration in the copper-nickel-zinc alloys 
(nickel silver). 
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Table 19. — The Composition and Color op Some Gold Alloys 
{After Peterson) 


Alloy Composition 

1. Fine gold 

2. Gold 59% 

Silver 16% 

Copper 25% 

3. No. 2 with 1 % aluminum 

4. Gold 58% 

Silver 28% 

Copper ; . . 14% 

5. No. 4 with 7% nickel 

6. Gold 58% 

Nickel 12% 

Copper 26% 

Zinc 4% 


Color 

Yellow 

Orange yellow 
Dark (grey) yellow 
Greenish pale yellow 
Yellow white 

'White white gold”) 



CHAPTER VII 


THE MECHANICAL AND THERMAL TREATMENT OF 
METALS AND ALLOYS 

“ . . . Tubal Cain bis spearhead wrought 
From ore he smelted with the thorn 
And cactus tree.” 

— Rickard. 

The workability of the metals was a property known to pre- 
historic man, and the making of metal objects by hammering is 
one of the oldest of the arts. The Genesaic legend names one, 
Tubal Cain, seventh in descent from Adam, as the first worker 
in metals; other ancient literatures speak similarly of a flourish- 
ing contemporary metalworking art. But one’s real assurance 
of the antiquity of man’s knowledge and purposeful use of the 
property of plasticity in the metals is based on much surviving, 
tangible archaeological evidence. Early man’s use of the 
property of formability was simply to give desired shapes to 
metal nuggets, to fashion them crudely into ornaments and 
implements ; not until much later, one may believe, did man dis- 
cover that wrought metal possesses properties somewhat different 
from those of unworked metal. And, of course, the fact that 
the property changes due to deformation are themselves the 
result of changes in internal structure and condition is a 
comparatively recent observation. The manner of plastic 
deformation in metals, the changes in metallic properties as a 
consequence thereof, and why the deforming mechanism gives the 
observed effects are all the concern of the physical metallurgist. 

On an earlier occasion, it was stated with scant comment that 
the effect of any considerable amount of cold-working on the 
microstructure of a metal is one of distortion and fragmentation 
of the several granular units, and one of general strengthening 
and embrittlement. We wish now to inquire a little more fully 
into this curious phenomenon : we should like to know, for exam- 
ple, somewhat more specifically than the previous brief reference 

205 
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informed us, about the particular property effects produced by 
cold-working, and we should like to discover, if we can, what is 
the precise mechanism of deformation whereby such effects can 
be brought about. Technical interest in deformation is, of 
course, confined almost entirely to the cold-working of poly- 
crystalline metal; it so happens that it is also this particular 
crystalline condition on which most of the work of an investiga- 
tive character has been carried out. We shall, however, consider 
the matter of deformation of crystals, first, by studying the way 
a single crystal deforms. To do this, we shall refer to the classic 



work of Mark, Polanjd, and Schmid^ on single crystals of zinc. 
We recall that this metal is a hexagonal metal, described by four 
axes, three of which are in a plane 60 deg. to one another, with 
the fourth axis passing through the center of the plane and nor- 
mal to it. It is observed that zinc single crystals, in wire form, 
are at times extremely ductile in tension, permitting extension of 
some four or five times their original length. On the other hand, 
other wires are always brittle. This variable behavior is found 
to be due to a difference in the position of the basal {0001) plane 
(which is the gliding plane of the hexagonal zinc lattice) relative 
to the axis of the wire. If the basal plane of the zinc crystal is 
neither nearly normal to, nor parallel with, the wire axis, the wire 

^ From. Elam’s ^'Distortion of Metal Crystals,” Oxford University 
Press, by permission of the publishers. 

2 Z. Physik, 12 , 28 (1927). 
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deforms in an extremely ductile fashion. But if either of these 
conditions prevails, the wire is found to be relatively nonductile. 
Why a perpendicular position of ghding plane to wire axis should 
inhibit slip is apparent ; why a too acutely inclined position of the 
axis to the plane is likewise unfavorable will be presently clear. 
The inclination of the gliding plane to the axis most favorable to 
easy slip is one of the magnitude of 45 deg. The method of 
gliding (plastic flow) in such a zinc single crystal is illustrated in 
Fig. 138. Plastic flow occurs by block movement along the 
gliding planes which, as has been said, are parallel to the basal 
plane of the metal. Steplike irregularities appear on the surface 
of the wire denoting where slip has occurred. Plastic flow in this 
crystal shows two other curious effects, both illustrated in the 
figure- First, the direction of slip is not the direction of greatest 
stress a, but is one of three directions parallel to the three pairs 
of parallel sides of the hexagon, specifically that direction h 
nearest to the direction of the maximum shear stress. As slip 
proceeds, the angle between the direction of maximum stress 
and the direction of slip (/x) becomes less; that is to say, the 
latter tends to become parallel with the former direction. Again, 
the angle between the basal plane and the axis of the wire (X) 
becomes more acute with continued slip; in other words, the 
plane of slip as well as the direction of slip gradually rotates into 
the axis of tension. Obviously, the sectional shape of the wire 
changes during deformation, from circular to oval, i,e,j the wire 
gradually becomes a ribbon. 

The deformation of a polycrystalline metal proceeds, as far 
as the individual crystallites are concerned, in much the same 
way as that described for the single crystal; i.e., plastic flow 
takes place by transcrystalline slip. However, the freedom of 
any original grain of a randomly oriented aggregate to deform 
in its own peculiar way, immediately and continuously, to that 
degree of which it is inherently capable, is restricted by the cir- 
cumstance that grains of different orientation and thus of differ- 
ent “easy-slip^^ characteristics, confine it on all sides. When a 
deforming stress is slowly applied to a polycrystalline metal, 
those crystals which are so oriented that some densely packed 
plane is favorably inclined to the direction of the applied stress 
are the ones first to deform. But deformation in these crystals 
can proceed but a little way when it is blocked by abutting 
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grains of an orientation different from those of the first grains to 
respond, and whose planes of easiest slip are not so favorably 
situated with respect to the direction of stress. A higher deform- 
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Fig. 139. — Formation of slip bands in two crystals: (4) the tw'o crystals before 
straining; (B) the two crystals after straining in the direction of the arrows. 
Ai, A2, etc., are portions of the original unstrained A grain, and Bi, B2, etc., of 
the original B grain. Li represents the normal reflection of a beam of light back 
from the polished metal surface, and Lz shows the path of a similar incident ray 
that falls on a gliding surface. {After Rosenhain.) 


ing load becomes necessary, if the effective resistance of the 
interfering neighbors is to be overcome, and if deformation of the 
more obstinate grain^s is to occur. The bolstering effect of 



(a) 100 X. (6) 500 X. 

Fig. 140. — Microstructure of cold-worked copper-zinc alloy (alpha brass), 
(a) Slip bands in the alloy; (£>) same as (a)^ but at a higher magnification. Note 
the different sets of bands. 


contiguous grains of a polycrystalline metal, the so-called grain- 
boundary effect, is seemingly sufl&cient to explain what differ- 
ences in deformation behavior exist between such metals and 
single crystals. 
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If a ductile, polycrystalline metal, one whose surfaces have 
been previously polished and etched, is plastically deformed by a 
tensile stress; it will be found on microscopical examination that 
many of the polyhedral grains are crossed by a number of j&ne, 
roughly parallel ]mes—sUp hands, as they are called (see Fig. 
140). These bands are plainly 
the surface marking of some sort 
of internal adjusting procedure 
which the individual grains of 
the aggregate resort to in order 
to defer rupture of the metal. 

From our knowledge of the behav- 
ior under stress of zinc single 
crystals, we may suspect that 
deformation here has also come 
about by a series of block 
slips. ^ The slip bands, then, are 
irregularities on the metaFs 
polished surface, caused by the 
projecting ends of the blocks^’ 
that have resulted from the 
gliding over one another of portions of an individual crystal. 
This method of deformation in poly crystalline masses is thus 
nothing more or less than the translation or block slip movement 
found in the single crystal. In Fig. 139, an attempt is made to 
picture the gliding supposedly responsible for this method of 
plastic flow in two contiguous grains. The heavy line is the 
grain boundary, the dotted lines represent potential slip planes. 
Since these are certain preferred atomic planes varying in direc- 
tion from grain to grain, they differ in direction in the two grains 
shown. After slip has taken place, the reflecting surface of any 
grain is no longer entirely optically flat, certain portions — 
specifically, the '^'exposed” parts of glide planes — are askew^ A 

^ According to Zwicky, this “blocking” on deformation is the consequence 
of an imperfect lattice, that is to say, one in which deviation from strict 
parallelism in atomic spacing exists throughout the crystal. This is the 
so-called “secondary” or mosaic structure supposedly found in all crystals. 
This investigator has designated as 7r-planes the crystallographic planes 
which characterize the secondary lattice, and has assumed (it would appear) 
that gliding occurs on these planes at shearing stresses far lower than those 
called for by the theory of ideal lattices. 
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normal incident light beam is reflected from these oblique por- 
tions of the surface, not back on itself as occurs elsewhere, but 
quite outside the microscope’s field (Fig. 1395). 

Application of larger deforming loads increases the number of 
the slip bands in any one direction in each. of the grains involved; 
also, other sets of bands in a direction different from that of the 
original set, develop (Fig. 140Z>). Thus we have block slip in 
more than one direction, and this, if continued to any extent at 
all, results in actual fragmentation. Distortion of the grains 
follows, for the grains now change their shape; e,g,, they become 



Fig. 141. — Cold-worked ferrite grains in commercially pure iron, showing a 
general elongation of the crystallites in the direction of rolling. 500 X- {Photo- 
graph hy Reed.) 


generally elongated in the direction of the stress in tensile loading 
or normal to the direction in compressile loading (Figs. 140c 
and 141). Yet, despite distortion and excessive fracturing of 
the grains, the boundaries remain remarkably intact. 

Briefly, then, the principal visible manifestation of the effects 
of deformation on a poly crystalline metal are slip banding, grain 
distortion, and grain fragmentation. All these effects seem not 
inconsistent with the notion that plastic flow in metal proceeds 
by block gliding. If our explanation of certain peculiaritfes in the 
appearance of X ray diffraction patterns of strain-hardened metal 
is correct, there are three additional structural effects produced 
by deformation which are not revealed by simple visual methods. 
One of these is supposedly caused by the warping of the atomic 
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planes along which slip occurs, another by the assumption, on 
the part of the deformed grains, of a preferred orientation, and 
a third by the presence of internal, localized strains. If an 
X ray beam of the proper characteristics is allowed to pass through 
a piece of unstrained, polycrystalline metal foil, behind which is 
placed at the proper distance a photographic film, the beam 
becomes diffracted by any and all atomic planes of the metal 
of the appropriate inclination to the direction of the incident 
beam. The diffracted radiation, or rather that portion of it 
which is diffracted into many separate beams, strikes the photo- 
graphic film, producing thereon a large number of small, distinct, 
round spots (Fig. 10c). This is the normal 'Hransmission-pin- 
hole^’ pattern of a strain-free metal, of rather large average grain 
size. A similarly made pattern of a strain-hardened metal 
shows like spots, but these, instead of being truly circular in 
section, are somewhat distorted, z.e., elongated slightly in 
a radial direction. The elongation of the reflected spots is 
explained as due to a slight bending or warping (Biegegleitung) 
of the gliding planes, a consequence supposedly of the slip 
movement along them. These planes, as we recall, are the 
internal reflection surfaces of the crystal, and, when perfectly 
straight, the reflected image of the point source is a true image, 
i.e., it is circular. " When the planes are warped, the image 
becomes distorted. A likely consequence of plane warping, too, 
is that slip along such planes is somewhat impeded, since linear 
translation along bent planes might conceivably occur less easily 
than along straight even ones. This would appear especially 
true for those planes which happen to cross other vrarped ones. 
Fresh gliding planes could, therefore, be expected to develop 
whenever slip resistance along old planes becomes greater than 
that required for the starting of new ones. Indeed, the continual 
involvement of fresh planes of slip during the progress of deforma- 
tion seems to be the fact, for microscopical e\ddence of slip-band 
formation indicates that slip along any one plane or set of planes 
does not continue uninterruptedly, but rather that it proceeds 
to a certain distance, then is definitely checked, with all imme- 
diate subsequent deformation of the grains occurring by slip 
along newly developed planes. 

Preferred Orientation. — We have seen that w^hen a single 
crystal of zinc is stressed in tension, the glide ellipses gradually 
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rotate in a fashion such that both the ellipsoidal surfaces and the 
direction of slip along those surfaces tend to become parallel 
with the axis of maximum stress. Now a polycrystalline metahs 
manner of response to a deforming stress is in all essentials 
similar. During the cold-wmrking operation, the individual 
grains of the metal tend also to rotate their planes and directions 
of easiest slip into favorable positions with respect to the direc- 
tion of maximum stress, with the same result, though less readily 
and completely accomplished than was obtained in the case 
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Fig. 142a. — Photogram of cold- 
drawn molybdenum wire. Broken 
Debye rings, indicative of pre- 
ferred orientation. 


Fig. 1426. — Photogram of cold- 
rolled aluminum sheet. Broken De- 
bye rings and slight asterism- 


of the monocrystalhne metal, viz., that the metal plastically 
deforms without immediate rupture. The general tendency of 
the alignment of the preferred slip planes and of the preferred 
slip directions, in all the grains concerned, results obviously 
in a gradual changing of a randomly oriented aggregate to one 
with a distinctly directed orientation. There is thus produced 
a definite fiber structure in the cold-worked metal, the degree 
and character of which depend on the individual metal, on its 
lattice type, and on the particular method of deformation respon- 
sible for it. One can say, therefore, that cold work, of the proper 
kind and amount, changes an anisotropic material into a quasi- 
isotropic one. The X ray evidence of the directional character, 
or preferred orientation of severely deformed poly crystalline 



THE MECHANICAL AND THERMAL TREATMENT 213 


metal, is shown, in Fig. 142. A very fine grained metal, or what 
in effect may he the same thing, a severely fragmented one 



Fig. 143a. — Photo gram of oast steel- Few large spots indicate large grain size; 
the pronounced asterism reveals the presence of internal strains. 



Fig. 1436. — Photogram of cold-worked (rolled) copper, showing some asterism 
and the beginning of the formation of the Debye rings. 

(that is free from fiber structure), shows a transmission-pinhole ’’ 
pattern consisting of a number of concentric rings. These rings 
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are due to the reflection from the principal planes of a very 
large number of small randomly orientated crystals. The rings 
are continuous, i.e,, complete circles of uniform density, if the 
very small grains (or the granular fragments of a deformed metal) 
are randomly oriented, but when any amount of preferred 
orientation accompanies fragmentation, as frequently happens, 
the rings exhibit areas of varying intensity, even become broken, 
as shown in Figs 142a and 142&. 



Fig. 144a. — Debye ring in back reflection photogram of annealed Armco iron. 
{Photograph by Greninger.) 


One further X ray evidence of deformation exists: the broad- 
ening of the lines in a Debye pattern. In Fig. 144a is given 
such a pattern for an unstrained specimen of a very pure iron. 
The lines are sharply defined and rather narrow. A surface 
working of the iron results in a broadening of the lines (Fig. 
1446), and since the same amount of radiation is spread over a 
larger area, the lines become more diffuse. It is to be noted, 
however, that the distance between the lines (the diameter of 
the completed circle) remains unchanged, that is to say, that the 




Fig. 1446,- -The broadened and more diffuse Debye ring of strain-hardened 
Armco iron. {Photograph by Greninger.) 


lattice parameter is not altered by strain hardening. The 
broadening and the greater diffuseness of the spectrum may 
be ascribed to lattice distortion, perhaps localized, though it 
may be said that in severely fragmented metal (which the above 
was not), where the particle size of the crystalline debris is 
generally smaller than 10““^ cm., some of the diffuseness of the 
lines may be due to the small size of the fragments. 

Internal strain is also associated with the presence of radial 
streaks (asterism) in ^'transmission-pinhole^^ patterns of metals 
which, for any reason, possess residual stresses. Some asterism 
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is shown in Fig. 1436, which is a photogram of rolled copper, 
and ill Fig. 143a, which is a similar photograph of a cast steel, 
where internal strains due to nonuniform cooling are present. 

In Table 20, are given the principal planes and slip directions 
of a number of metals and alloys. It will be seen that the 
favored plane of slip is ordinarily the one of highest atomic 
density, and that preferred direction of slip along that plane is 
likewise a thicMy populated plane. 

Table 20. — Slip Plane and Dihection of Slip in Some Metals and 

Alloys 

Greatest atom 
density 

Plane | Direction 



Aluminum Face-centered [110] {111} [HO] 

cubic 

Copper Face-centered {111} [HO] {111} [HO] 

cubic 

Silver Face-centered (111} [110] {111} [110] 

cubic 

Gold Face-centered {111} [110] {111} [110] 

cubic 

Copper-zinc (oj) ... . Face-centered {111} [110] {111} [HO] 

cubic 

Copper-aluminum Face-centered {111} [HO] {111} [110] 

(a) cubic 

Aluminum-copper Face-centered {HI} [HO] {111} [HO] 

(77) cubic 

Gold-silver Face-centered [HO] {HI} [HO] 

cubic 

Iron (q:) Body-centered {110} [HI] {HO} [111] 

cubic etc. 

Tungsten Body-centered {HO} [HI] {110} [HI] 

cubic 

Copper-zinc (jS) ... . Body-centered {110} [HI] {110} [HI] 

cubic 

Zinc Hexagonal {0001} [1010] {0001} [1010] 

close-packed 


Twinningd — So far, we have considered deformation as a 
simple process of translation, where whole blocks of atoms move 
1 Reference is here made to the formation of twin structures by simple 
deformation. 
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en masse, along a gliding plane a certain distance, which is 
some multiple of the distance between atoms in the direction 
of shear. In the movement, all atoms involved move the same 
distance. There is, however, a second way in which a crystal 
may deform, which, in its mechanism, is perhaps less simple 
than the one which we have been considering. This alternate 
way of deforming is known as twinning. In this latter method 
of a plastic crystal’s response to a deforming stress, each plane 
of atoms concerned moves a certain distance relative to a neigh- 



{a) 






(c) 


(b) 

!Fig. 145. — Diagrams illustrating the translation and twinning methods of 
deformation in crystals: (a) crystal before deformation; (6) translation method; 
(c) twinning (mechanical) method. (.After Schmid and Boas.) 


boring plane, the distance moved commonly being some fraction 
of the distance between atoms on the twinning plane. To repeat, 
while in simple translation gliding, all atoms of the block” 
move the same distance which is always some multiple of the 
interatomic distance along the shearing plane, in deformation 
by twin formation the atoms of a particular plane only move the 
same distance which, however, is less than the full interatomic 
distance, as measured along the twinning plane. In Figs. 145 
and 146 is shown diagrammatically the difference between the 
two ways in which crystals may deform. In deformation by 
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slip or simple translation, the two parts of the crystal retain the 
same general orientation, assuming that no distortion of the 
lattice or of the gliding plane occurs; in twinning, however, 
the two parts of the crystal become symmetrical along the 
twinning plane; each is therefore the mirror image of the other, 
that is to say, they are twins. The precise reason for twinning 
under stress is not surely known; in some cases, as in zinc — and 
perhaps in other metals, too — where the number of available 
slip planes is severely limited, its purpose seems to be to put 
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Fig. 146. — (a) Deformation of a cubic lattice by slip (translation) . (6) Defor- 

mation of a cubic lattice by twinning. {After Schmid and Boas.) 

those planes into more favorable positions with respect to the 
direction of stress. 

In Fig. 147 are shown mechanical twins (Neumann bands) in 
alpha iron, and in Fig. 148 are shown what are presumably 
similar twins in beta brass. Both of these materials, one recalls, 
are body-centered cubic. In Table 21 are given the twinning 
characteristics of some of the metals. As in the case of simple- 
translation gliding, the formation of twins occurs preferentially 
along certain crystallographic planes. 
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Property Effects of Deformation. — Quite in line with what one 
might expect, the metal properties perhaps most affected by 
deformation are, first, those which offer effective resistance to 
the deforming stress, and, secondly, those which permit deforma- 
tion to occur as smoothly as it does. In the first, the deforma- 





Fig. 147. — Mechanical twins (Neu- 
mann bands) in ferrite. {Photograph 
hy Reed.) 



Fig. 148. — Markings in beta brass 
which may be associated with mechan- 
ical twin formation. 100 X- 


tion-resisting group of properties are the strength and elastic 
properties : the ultimate strength, the yield strength, the hardness, 
and the elastic and the proportional limits. These are all 
increased by cold-working. In the second group of mechanical 


Table 21. — Twinning Charactebistics of Some of the Metals 


Metal 

Lattice 

Twinning 

Amount of 

plane 

movement 

Iron (alpha) 

Body-centered cubic 

1112} 

0.7071a* 

Magnesium 

Hexagonal close-packed 

11012} 

0.131a 

Zinc 

Hexagonal close-packed 

11012} 

0.143t 

Tin (white) 

Tetragonal 

1331} 

0.120a 


* a = lattice parameter; 0.707 — H V^* 


properties affected, which one might call the rupture-deferring 
group, are the plastic and the toughness properties, and these are 
uniformly lowered by deformation in the cold. It is the latter 
fact that accounts for the eventual failure of the slip mechanism 
to function satisfactorily, which circumstance leads inevitably 
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to the rupture of the metal. But the mechanical properties 
are not the only ones that are affected by plastic deformation; 
changes in the physical and chemical properties are also brought 
about. We shall discuss property changes in that order. 

Mechanical Properties. — The effect of varying amounts of 
cold work on the mechanical properties of brass (67 per cent 
copper) may be seen in Fig. 118, while the results of a somewhat 



Fig. 149a. — Change of mechanical properties in copper by cold- working (drawing). 

{Sachs.') 

more extensive inquiry into the deformation effects on the elastic, 
strength, and plastic properties of copper and a mild steel are 
given in Fig. 149. The strength properties, we find, as has 
already been indicated, are generally raised, while the plastic 
properties are lowered. The elastic modulus is practically 
uninfluenced in the case of the steel, and this indifferent behavior 
seems rather more general than the one of copper which shows a 
considerable change (a 25 per cent increase). The effects of 
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deformation on the elastic limit have been summarized by 
Miss Elam/ in part, as follows: 

1. The elastic limit in tension or compression is raised by tension or 
compression toward further stresses acting in the same direction. 

2. The elastic limit is lowered by tension toward compressive stresses 
and vice versa (Bauschinger effect). 

3. Metals which are strained beyond the elastic limit and are imme- 
diately retested are frequently found to behave as nonelastic bodies, 
i.e., the stress-strain curve is not a straight line. This property is 
restored by resting or heat-treatment. 



Reduction in Cross Section, Per Cent 

Fig. 1496. — Change of mechanical properties in steel by cold-working (drawing) . 

{Sachs,) 

Physical Properties. — Various physical properties also undergo 
change during plastic deformation. The change may be very 
small and quite inconsequential, as is the case of the density 
and the thermal expansion, or it may be considerable as it is with 
the electrical conductivity. An abridged tabulation of physical 
property changes, as the result of cold-working, after Schmid 

1 Elam, Distortion of Metal Crystals,” Oxford Press, p. 134, 1935. 



THE MECHANICAL AND THERMAL TREATMENT 221 


and Boas, is given in Table 22. One may summarize the results 
given, as follows: 

1. The density decreases slightly — a matter of a few tenths of one per cent. 

2. The dilatation is scarcely affected. 

3. The specific heat appears little, if any, affected. 

4. The internal energy is increased. 

5. A thermal e.m.f. exists between strain-hardened and annealed metal. 

6. The electrical resistance is considerably increased. 

7. The temperature coefficient of resistance is decreased. 

8- The thermal conductivity is decreased. 



Fig. 150. — Magnetization curves of iron before and after deformation. 
before, after. 


In addition to the eight physical efects tabulated, deformation 
influences also the magnetic 'properties and, in one group of alloys 
at least, the color. The effect of deformation (10 per cent elonga- 
tion) on the magnetic properties of iron is shown in Fig. 150. 
There is a general shift in the hysteresis curve toward hori- 
zontality, and an increase in the area included within the loop, 
as a consequence of which there are: (1) a decrease in the satura- 
tion value, in the magnetic susceptibility, in the permeability, 
and in the remanence, and (2) an increase in the coercive force 
and in the hysteresis loss. 

Gold-silver alloys (60 to 70 per cent gold) are white in the 
annealed condition; on cold-working (rolling), they become first 
a pale yellow, with a gradual deepening in the color to a deep 
greenish-yellow as deformation continues. 

Chemical (Physicochemical) Properties. — At least two chemi- 
cal properties — the solution rate and the solution (galvanic) 
potential — are affected by deformation in the cold. Both 
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Table 22. — Change op Physical Propbbtibs by Cold- •working 


Property 

Metal (or alloy), condition, degree of 
cold work 

Amount and direction 
of property change 


Aluminum: single crystal, elongated 
27% 

Aluminum: single crystal, elongated 
40% (approx) 

Aluminum: polycrystalline, elongated 
40 % (approx) 

Iron (Armco); compressed. 

Steel compressed. 

Iron (Armco) ; rolled 70 % 

Iron (Armco) ; drawn 4 % 

Steel: drawn 5 % 

Copper: hammered 60 % 

Copper: drawn 60 % 

Copper: elongated 4 % 

Bismuth: extruded wire 

Brass (alpha) 91 % Cu 

single crystal, extended 70% 
polycrystalline, extended 70% 

Brass (alpha) 85% Cu 

Brass (alpha) 63 % Cu 
single crystal 

0 

Change within experi- 
mental error ( ± .02 %) 

“■0.3% 

- 0 . 1 % 

- 0 . 1 % 

— 0 . 12 % 

— 0.36% 

-0.51 % 
- 0 . 2 % 

-0.3% 

— 0. 13 % 

Slight reduction 

+0, 13 % 

No definite change 

0 

-0.16% 


2 , Thermal expansion .... 

Iron (ingot iron) , rolled 50 % 

Bronze 50 % 

do 

+1+1 


Iron (ingot iron) : 90 % reduction 

Iron (.\rmco) and mild steel: 
hammered 

Nickel: drawm 99.5 % 

Tungsten: drawn 94 % 

j Bronze: up to 90 % reduction 

-^0 

, 4-3% 

Change within experi- 
mental error ( ± 0.5 %) 
Change within experi- 
mental error ( ± 0.5 %) 

~o 


4, Internal energy ........ 

Aluminum: single crystal, approx. 

! 55 % elongation 

Aluminum: polycrystalline, approx. 
20 % elongation 

Copper: polycrystalline, approx. 20 % 
elongation 

'■^ 0 . 1 1 cal./gm. 

— ' 0.10 cal./gm, 

''^0 . 07 cal./gm. 


5. Thermal e.m.f. (with 
similar annealed mate- 
rial) 

Aluminum: drawn and rolled 

Nickel: drawn and rolled 

Copper: drawm and roUed 

Silver: drawm and rolled 

Gold: drawm and rolled 

-f 20 to 4-60 

XlO -8 V/^C. 

6 . Heat conductivity 

Copper: single crystal, hammered 

-73 % 

7. Electrical conductivity. 

Iron: (Armco) : drawn 4 % 

Steel: drawn about 90 % 

Steel (1.3% (3): extended 4.5% 

Nickel: drawn. 99 % 

Copper: 

Drawn 82 % 

Drawn 40 ~ 80 % 

Drawn 4 % 

Molybdenum: drawn 99% 

Silver: drawn 60% 

Tungsten: drawn 99 % 

Platinum: drawn 99 % 

Brass: 

a-brass, drawn 4.3 % 
at and /5, drawn 4 % 

4- 0.96% 

4- 2 % 

4- 0.29% 

4-8% 

+ 2 % 

4-2% 

4- 1.5% 

4-18% 

4" 3 % 

4-60% 

4- 6 % 

4 - 1 . 6 % 

4 - 1 . 0 % 

8 . Temperature coefficient 
of resistance 

Nickel: 

Molybdenum: ( 

Tungsten : j 

Platinum: j 

- 5% 

Drawn 99 % Z 35 

- 7% 


* After Schmid and Boas (abridged), from their “ Kristallplastizitat," (1934). 
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effects are technically important since they play an important 
role in corrosion and allied phenomena (season cracking, corrosion 
fatigue, etc.). The rate of solution of worked metal is higher 
than that of the annealed condition, the actual rate of the former 

varying, though possibly nonuni- 

formly, with the amount of cold f 

work (see Fig. 151). If two met- -f 

als, one strain-hardened and the “ 
other strain-free, are placed in an J 
aqueous solution of one of the "i 

metal’s salts (thus forming a gal- L 

vanic cell), it will be found that , Degree of Deformation^ 

, T 1 ; 1 1 -I . 151. — Curve showing the 

the worked metal becomes electro- effect of the amount of cold-work- 

negative to the nondeformed one. (extension) on the solution rate 

, of steel in acid. 

The difference in solution potential 

between work-hardened and annealed metal in the same sheet 
or plate may he responsible for instigating and accelerating 
corrosion of the sheet or plate. 

Causes of Property Changes in Cold-worked Metal. — The 
changeKS in properties on cold-working can more readily be 
appreciated and evaluated, and the precise mechanism can more 
easily be discerned, than can reasons be given w^hy the ascribed 
manner of plastic flow should produce the effects that it does. 
Naturally, such an intriguing matter has occasioned a great deal 
of speculation. In general, one of three principal reasons has 
been given by any who have ventured an explanatory hypothesis 
for cold-working effects on properties: first, that deformation 
produces a definite change in phase, and that the mere presence 
of this new^ phase in appreciable amounts is responsible for the 
change in properties; second, that the observed changes in 
structure (fragmentation, directed orientation, etc.) are in them- 
selves sufficient, by reason of purely mechanical effects — and 
quite apart from any possible change in state — to produce the 
property changes ; and third, that deformation produces internal 
strains within, and increases the internal energy of a metal, 
and that these circumstances explain the peculiar properties 
of a cold-worked metal. Objections, of one sort or another, 
can be raised to any one of the three explanatory hypotheses. 
It is a fact that no one explains satisfactorily all the observed 
effects and phenomena of strain hardening, and in view of the 
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number and diversity of these effects and phenomena, it seems 
unlikely that any notion can, at once, be sufficiently compre- 
hensive and really simple. 

The Amorphous-metal Hypothesis . — This ingenious theory, 
proposed by Beilby, is an extension of the amorphous-surface- 
film concept (Beilby’s also) to the gliding surfaces concerned 
in slip within crystals. Beilby^s original notion was that amor- 
phous, i.e.y isotropic metal forms on highly polished metal 
surfaces, essentially in this way: the pressure applied in burnish- 
ing momentarily melts a very thin layer of surface metal; 
this liquid film is, at the instant of its formation, extremely 
tenuous and mobile, and as a consequence readily flows under 
pressure, forming an overlay on the surface. But, then, almost 
immediately, the liquid congeals, without actually crystallizing, 
into a blanketing film of rigid, amorphous metal. 

Furthermore, Beilby would not limit amorphous film formation 
to the external surfaces of polished metal, but would picture 
an analogous series of events as taking place during plastic 
deformation along the planes actually involved in slip. Then 
and there, by reason of the pressure exerted by the deforming' 
stresses, a quite superficial melting of the metal on the gliding 
planes occurs, the liquidity of the film produced, for the moment, 
accelerates slippage, but congelation almost instantly sets in. 
Then, the solid, amorphous cement inhibits further slip along 
that particular plane, forcing it to occur, if deformation is to 
continue, along fresh planed. Moreover, the formation of an 
intracrystalline, isotropic phase changes an hitherto wholly 
crystalline metal into a partly amorphous one. 

Amorphous metal, in common with other undercooled liquids, 
like glass, has certain specific properties. It is hard, yet less 
dense than the same material in a crystallized form. It is brittle 
to stresses that are suddenly applied, yet yields gradually (creeps) 
if application is slow. It is less conducting, more elastic (being 
a liquid) , and possesses higher vapor and solution pressures than 
the corresponding crystalline form. Furthermore, on heating, 
amorphous metal crystallizes (devitrifies) . It is this hard, 
strong, and less dense amorphous phase on the interfaces of the 
displaced portions of the strain-hardened crystal (s) which, 
according to Beilby’s notion, accounts for the characteristic 
properties of cold-worked metal. 
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The theory explains rather satisfactorily many of the property 
changes associated with the cold-working process, such as, for 
example, the changes in the mechanical properties, in the density, 
in the electrical conductivity, and in the urge of strain-hardened 
metal to recrystallize on heating. Objections to the adequacy 
or even to the fundamental soundness of the theory have been 
raised principally because X ray studies of strain-hardened metal, 
on the one hand, fail to detect isotropic metal either on polished 
surfaces or along glide planes and, on the other hand, show — 
according to some — definite evidences of quite another cause, 
vzs.f the existence of internal strains. It is also found that strain- 
hardening is rather general throughout a wrought metal, t.e., 
the hardness increase is not confined to the slip planes or to the 
regions immediately adjacent thereto. This recent discovery 
is offered as further proof of the incorrectness of the theory. It 
should perhaps be noted, however, that, as far as X ray diffrac- 
tion methods are concerned, their failure to find amorphous 
metal either within or without a crystal is not necessarily con- 
clusive evidence that such metal does not exist; it may only 
mean that these methods are insensitive under the prevailing 
conditions. As a matter of interest, it has recently been shown^ 
that quasi-isotropic metal does, in fact, exist, at least, on polished 
metal surfaces. , 

Structure, Strain and Energy Effects as Causes of Property 
Changes. — Because of the interrelation of many of these effects 
of deformation as possible causes of property change, one may 
well consider them together. The gross and fine structure 
effects of cold work are varied: fragmentation of the individual 
crystallites due to polydirectional block slip; a definite departure 
of these same crystallites from an equi-axed condition; a directed 
orientation of the crystallites, the result, as has been explained, 
of the latter ^s attempt to align its preferred slip planes and shp 
directions in a definite relationship with the direction of maxi- 
mum stress; a warping, or even a buckling of the gliding planes; 
and, finally, a distortion of the lattice w^hich, supposedly, is the 
source of the residual strains in the metal. One has thus quite 
an assortment of rather fundamental phenomena which one may 
utilize to develop an explanatory theory. As one might expect, 

1 Finch, Proc. Roy. Soc.j 6, 145A ( 1934 ); also Rupp, Kolloid-Zeitsch. 69 
( 1934 ). 
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the opportunity presented has not gone a-begging. There have 
been suggested a large number of hypotheses, some more con- 
vincing than others, and no one really satisfying. But no 
attempt will be made here to review them.’- It may be said, 
however, that generally some properties of cold-worked metal are 
more easily and satisfactorily explained by one effect than are 
others. For example, the mechanical properties are perhaps 
most simply accounted for by the fact of fragmentation, for 
granular fragments conceivably act in much the same fashion 
and presumably with equal effectiveness as do whole grains in 
increasing resistance to slip. On the other hand, a directed 
orientation is an unlikely cause of strain-hardening effects since 
it can be easily shown that the effects precede by some time the 
first evidences of a preferred arrangement. Yet neither frag- 
mentation nor an orientation change is a simple answer to the 
observed lowering of the density. This particular property 
change, especially because the change is in the direction that it is, 
suggests quite another cause, viz., the formation of an amorphous 
phase. The matter of the effect of the buckling of the glide 
planes during slip on strengthening the lattice has already been 
alluded to. Again, others would ascribe the circumstances of 
lattice distortion and internal strains as basically the agencies 
at work in producing strain-hardening. They are of some 
influence, certainly; the change in certain mechanical properties^ 
the increase in electrical and thermal conductivities, and the 
increase in chemical activity might conceivably be explained on 
these grounds. 

One might point out the general similarities of effects of 
alloying and cold-working. Both procedures increase the 
strength properties, the resistance to further deformation, and 
the electrical and thermal resistances. Cold-working increases 
the solution potential and the susceptibility to corrosive attack; 
alloying usually does also, though as we know, there are a few 
well-known exceptions. The plastic properties are commonly 
lowered by alloying, invariably so 'by deformation. There is, 
however, one distinct difference in certain X ray diffraction 
effects produced by the tw^o processes: deformation produces a 
diffuseness of the Debye rings but does not change their diameter, 

} An excellent summary may be found in the closing chapters of Miss 
Elam’s book, “Distortion of Metal Crystals.” 
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Fig. 152a- — 0.30 per cent 
carbon steel, as cast. 
Coarse structure. 100 X. 
(Photograph by Reed.') 








Fig. 1525.-— 0.30 per cent carbon 
steel, hot rolled. Fine structure. 
100 X. (Photograph hy Reed.) 


Hot Working. — In general, working below the recrystallization 
temperature of a metal constitutes cold-working. Hot working 
obviously then means deforming above that temperature. The 
case of steels of moderate or high-carbon content is a special 
case since the predominant microconstituent of these ' steels 
(pearlite) does not readily recrystallize until it can do so as new 
austenitic grains, which is some 300°C. above the temperature 
where severely deformed iron will recrystallize. 

^ . as the problem of plastic deformation is part of the more general 

one of cohesion, it seems likely that the structures of atoms and the action 
of interatomic forces will ultimately provide the true explanation.’’ 
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Hot-working methods are of various kinds — rolling, forging, 
extruding, pressing, etc. Metallographically, these methods 
are important because of their general refining and homogeneizing 
effects on coarsely dendritic and eutectic structures. These 
generally undesirable structures are broken up by the hot-working 
procedures, and the constituents refined and distributed uni- 


formly. In Fig. 152 are shown 
the effects of hot rolling on the 
microstructure of a 0.30 per cent 
carbon steel; and in Fig. 153 
similar refining and redistribu- 
tion effects in a steel of hyper- 



Fig. 153a. — 1.25 per cent carbon 
steel, as cast- Pearlite and pro- 
eutectoid cementite in grain boun- 
daries. 500 X. CPhoiographby Reed.) 



Fig. 153&. — 1.25 per cent carbon 
steel, hot rolled. Fine cementic struc- 
ture. 500 X. {Photograph by Reed.) 


eutectoid composition. Figure 154 illustrates the breaking up, 
by forging, of the coarse eutectic in a high-speed steel. 

The hot working of a definitely dendritic structure often 
results in the reshaping of the dendritically segregated areas; 
in the case of rolling, they are strung out in the direction of 
rolling. The banded structure in the carbon steel of Fig. 155 
came about in that manner. The sinuous ^'flow lines in the 
deeply etched, forged gear (Fig. 156) result from superimposing 
upon the rolled stock the forging operation used to produce the 
teeth of the gear. 

Thermal or Heat-treatment. — The properties of many alloys 
are not wholly independent of the circumstances of their genesis 
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and history. Some alloys are especially sensitive to the con- 
ditions of their immediate past; their properties are largely 
conditioned on what, in the way of temperatures of heating 
and rates of cooling, has gone on before. This is due to two 
facts: first, and fundamentally, 
to the fact that phase and other 
structure-determining changes 
take place in these alloys; and, 
second, to the fortunate circum- 
stance that the changes, or at 
least certain phases of them, 
occur slowly, even leisurely. 

Thus, past conditions of temper- 
ature and time — the time at a 


particular temperature or tern- 


peratures, and the time given 
for cooling from the tempera- 
tures — determine, in no small 
measure what the general or 
specific properties of the alloy 
shall be. 

The second of the facts men- 
tioned, the general sluggish char- 
acter of the changes occurring. 



154a. — High-speed steel, 
is of practical significance, for cast. Coarse dendritic structure with 
• j • ,1 j.- - j eutectic fillings. 500 X. (Photograph 

it IS the time-consuming nature - ^ ^ 


by Reed.) 


of these changes which places 
them (and indirectly the properties which originate from them) 
under man^s purposeful control. 

The methods of intentional regulation and control of an 
alloy^s properties are called collectively heat- or thermal treatme7it. 
The different procedures used that fall under that category — 
and there are many of such — may be much alike in intent, but 
they vary a great deal in method; yet all invoke the use of high 
temperatures and exercise control, at one or another stage of the 
process, of the time element. Also, the actual procedures 
differ widely in their action and consequences, depending as 
these do on the nature and the kinetics of the alloy^s structural 
change which they would control and regulate. In some 
instances, heat-treatment is simply modifying in its effects; 
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that is to say, certain existing properties of the untreated alloy 
are materially improved by the treating process and the alloy 
becomes thereby a better and a definitely more useful alloy, 
generally or particularly. This is true of most age-hardenable 
alloys, a kind of heat-treatable alloy which we shall have occasion 
to describe later on. On the other hand, heat-treatment may 
be more decisive and thoroughgoing in its workings and in its 
effects; then actually new, commonly specific, properties may 



Fig. 154&. — High-speed steel, forged and heat-treated. Small spheroids of 
carbide in an. austeno-martensitic matrix. 1000 X. (Photograph hy Reed.) 

be created or original general ones so changed that one may find 
little quantitative resemblance between the old order and the 
new. Examples of these more fundamental and sweeping 
changes in an alloy’s properties by heat-treatment are afforded 
in the heat-treatment of steel, a matter which again will claim 
our attention later. Again, in other cases, as in the annealing 
of strain-hardened metal, heat-treatment is merely remedial 
or corrective in purpose — to remove undesirable properties 
which have been acquired in processing. Heat-treatment, in 
this sense, becomes a normalizing procedure. 



TREATMENT 



ment, recrystallization phenomena, in one form or another, are 
implicated. It may be that the consequence of the recrystal- 
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lization process is simply a new set of crystals whose individual 
units are, in matters of composition and crystallographic char- 
acter, identical with the parent crystals. This is precisely 
what happens when strain-hardened metal is annealed. Then, 
the internally strained, distorted, and even fragmented grains 
recrystallize when heated to the proper temperature, a new set 
of grains forms in situ, but the latter, while quite strain-free, 
whole, and equi-axed, are nevertheless chemically and crystallo- 
graphically like the old crystals. But on occasion, recrystalliza- 
tion is a more subversive phenomenon; then an exhaustive 
reorganization of the crystalline structure results and one 
secures a new set of crystals and a set of new crystals as well. 
The eutectoid inversion represents such a thoroughgoing type 
of recrystallization. On slow cooling through the critical 
temperature, the inversion of the parent phase, a solid solution 
results in the simultaneous recrystallization of two altogether 
new and distinct crystalline species. The derived phases 
necessarily differ from one another chemically; neither is like 
the parent. In the matter of lattice, the new species may differ 
between themselves, and yet neither be fine-structurally like 
the common parent. 

The precipitation of the excess solute from a supersaturated 
solid solution is an example of recrystallization where the derived 
phase is chemically and (usually) crystallographically unhke 
the original solution. A case where the precipitating phase is an 
intermetallic compound will serve as an illustration, e.g., the 
age-hardenable aluminum copper alloys. An example of 
crystallographic similarity between the parent and the derived 
phases of such a system is found, however, in the copper-silver 
system, where a heating of either of the rapidly cooled, super- 
saturated, terminal solid solutions results in the precipitation 
of the corresponding conjugate solution of a different chemical 
composition necessarily but of the same lattice type (see page 
143). 

The gold-copper system provides a further variation of the 
consequences of recrystallization. It is now generally con- 
sidered proved that the stable phase, below about 420°C., in 
the alloy of equi-atomic ratio is tetragonal. The alloy structure 
above this temperature is cubic. We have thus a change on 
cooling, and on heating, in this temperature vicinity in 
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which a change in lattice occurs with no change in chemical 
composition. 

The properties peculiar to a heat-treated alloy may not, 
however, be entirely determined by the nature or the extent of 
the recrystallization change. Frequently, in a not inconsiderable 
measure, these properties are influenced by the dimension of the 
recrystallized grains or particles and by the manner of their 
distribution in the residual parent matrix. These matters are 
of some consequence in age-hardenable alloys; moreover, in 
certain of these alloys it would appear that actual recrystalHza- 
tion is not a prerequisite for property modification. The fact 
of the imminency of the phenomenon seems sufficient. 

Before we consider, as we shall do, some representative heat- 
treating procedures, we might, by way of introduction, briefly 
describe an illustrative example of a heat-treatable alloy system. 
The phenomena met with in this system are rather fundamental 
and fairly typical of the more technically important cases to be 
discussed later. The example is now given, with only enough 
explanatory comment to- make it meaningful. Interpretive 
details of the mechanism and kinetics of the phenomena impli- 
cated are given somewhat farther along in another connection. 

The Gold-copper System. — This system, already cited as one 
illustration of what may happen when recrystallization occurs, 
freezes in what essentially is a continuous series of solid solutions, 
though there is a minimum on the freezing-point curve (see 
Fig. 157). Both metals are face-centered cubic, and the solid 
solutions that result from primary crystallization are of this 
type. The two metals are randomly distributed at first in 
the solid-solution lattice. On cooling to room temperatures, 
however, the alloys, or more exactly those of certain compositions, 
experience changes in their fine structure. The equi-atomic 
composition (AuCu), and the compositions given by the formulas 
(AuCus) and (AU 2 CU 3 ) are the ones affected. These compositions 
are indicated by the three maxima of the major curve in the 
equilibrium diagram. The change on slow cooling occurring in 
the alloys in the vicinity of the composition (AuCus) is definitely 
associated with the formation of a superlattice. Above 400°C., 
the copper and gold atoms are arranged in the face-centered 
cubic solution quite by chance ; below there is a disposition on the 
part of each species to take up definite positions relative to one 



234 AN INTRODUCTION TO PHYSICAL METALLURGY 


another, i.e.^ below 400°C. the alloy becomes a symmetrical 
solid solution. Moreover, this change in fine structure is a 
reversible one, and the symmetrical solution passes without 
marked hysteresis e:ffects on reheating through 400°C. into a 
solution where random placement again prevails. The change 
from a random to an ordered arrangement is not brought about 
instantaneously ; but like most structure changes in which atomic 
migration is involved, the element of time enters. A‘ complete 
transformation from one condition to the other requires, in fact, 
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Fig. 157. — Gold-copper equilibrium diagram. {After HougMon and Payne, and 

Kurnakow.) 

a very slow rate of cooling through the transformation tempera- 
ture; if the rate of cooling be accelerated, the change will be more 
or less incomplete, while a definitely rapid rate of cooling, as 
would follow from a water quench, would prevent the change 
altogether. 

The properties of the solution with the constituent atoms 
distributed randomly on the lattice differ decidedly from those 
of the solution where an ordered lattice arrangement exists; in 
other words, the properties of this alloy at room temperatures 
are in no small part determined by the rate at which the alloy 
cools to these temperatures. 
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This same sort of qualification, but with even greater truth, 
applies to the properties of the alloy of this series of equi-atomic 
composition. This, too, is a composition at which a pronounced 
maximum on the major curve exists (see Fig. 157). The trans- 
formation here at about 420^0. is indeed a real change in lattice 
configuration, not simply a rearrangement within a lattice type 
as in the previous composition. The face-centered cubic gold- 
copper lattice, stable at high temperatures, changes at about 
420°C. to a tetragonal one. It is a reversible one on heating, 
and one which exhibits a definite hysteresis. Here again, the 
time given for the change to occur determines the completeness 

r 



Fig. 158&. — Fifty per cent gold- 
copper alloy. Quenched as in Fig. 158a, 
and then reheated to 300°C. for 3^ hr. 
100 X. {Photograph by Peterson.) 


Fig. 158a. — Fifty per cent gold- 
copper alloy. Quenched from 650°C. 
100 X. {Photograph by Peterson.) 



of the change — both on heating and on cooling. A rapid enough 
cooling through 420°C. prevents the change from occurring at 
all; then, the high-temperature condition of the alloy, the face- 
centered cubic configuration, survives the drastic quench and 
becomes the crystallographic form of the alloy at room tempera- 
tures. Of course, this solution is structurally unstable. In 
Fig. 158a, is a photomicrograph of a quenched alloy of this 
composition. 

Again, the properties of the rapidly cooled alloy differ from 
those of the slowly cooled. Comparative mechanical property 
curves of the quenched and the slowly cooled alloys of the 
complete gold-copper series are shown in Fig. 159. One notes 
that the slowly cooled, supposedly structurally stable alloys, in 
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particular the one of AuCu composition, h^ve generally higher 
strength, and lower plastic property values than do the quenched 
alloys. How much of this increase in the one case and decrease 
in the other is actually due to the presence of the tetragonal 

phase (in the case of this 
particular composition), and 
how much is due to the way 
this phase is present, is not 
certain. That distribution is 
of some significance will be 
evident from the paragraphs 
that follow. But we have here, 
in externals at least, a simple 
enough case where a difference 
in heat-treatment — specifically 
a variation in the rate of cool- 
ing through a critical temper- 
ature — produces a change in 
properties in an alloy. The 
example typifies a case of 
suppressed transformation. 

The quenched AuCu alloy 
is amenable to further heat- 
treatment. Because the alloy 
is structurally unstable, if 
given the opportunity, its 
cubic phase will slowly revert 
to the stable tetragonal one. 
Copper, Weight Percent This chance is given if the 

After quenching^ alloy is heated for a sufficient 

(Afi^Aft^nfewIkiandWeloh^sk^^^ 

Fig. 159.— Mechanical properties of the perature below the transfor- 
copper~goid alloys. mation temperature of 420°C. 

The change in fine structure is accompanied by a slight 
change in the micro-appearance of the alloy (see Fig. 1586), 
and by a definite change in certain properties. The change 
in the hardness, for example, brought about by reheating 
the quenched alloy for different time periods, to 100, 150, 
200, 300, and 400°C. (all these temperatures being below 
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the critical temperature, though the last is scarcely below) 
is shown in Table 23. The Rockwell B hardness of the quenched 
alloy is 71.5. On reheating this alloy at lOO^’C., for time periods 
ranging from 15 min. to 200 hr., the samples show a consistent 
increase in hardness to a maximum of 91 for the sample annealed 
for the 200-hr. period. Since the hardness is still increasing at 
200 hr., a longer heating period would evidently increase the 
hardness beyond 91. It is the same story for the 150® and the 
200® C. anneals. Only in either of these two cases the hardness 


Table 23.* — Age-haedening of the Water-quencheb (650°C.) 
Au-Cu Alloy 


Time of 


Rockwell B hardness 


anneal, hr. 

100°C. 

ISO^C. 

200°C. 

300°C. 

400°C. 

As quenched 
0.25 

71.5 

77.0 

84.0 

101.0 

102.0 

87.0 

0.50 

80.5 

89.0 

102.5 

103.5 

85.0 

1.00 

82.5 

91.0 

103.5 

103.5 

83.0 

2.00 

83.5 

92.0 

104.5 

104.0 

81.0 

4.00 

84.0 

94.0 

104.7 

104.0 

81.0 

20.0 

85.0 

95.0 

105.0 

103.6 

80.7 

100.00 

87.5 

96.0 

105.2 

99.5 


200.00 

91.0 

99.0 

105.5 

95.0 

80.0 


* From the results of Dr. A. W. Peterson (Thesis: “Transformations of Gold-copper and 
Gold-copper-zine Alloys,” Harvard Graduate School of Engineering, 1934. 


of the sample for any time period is always higher than in the 
former case; also, the hardness of the alloys reheated to 200°C. 
for any particular time period is always above that of the alloy 
heated to 150®C. for the same period. The hardness (about 105) 
found and consistently maintained from 4 hr. onward in the 
200®C. series is apparently the maximum hardness obtainable 
in this or in any other of the series. The series reheated to a 
temperature of 300°G. behave somewhat differently from any 
of the foregoing. In the first place, the initial rise in hardness 
is very rapid- — the maximum hardness is obtained in 2 hr. and 
almost so in 15 min.; furthermore, a definite softening takes 
place in the alloys beginning with the 100-hr. specimen. The 
alloys annealed at 400®C. never develop the maximum hardness 
found in the other alloys, or perhaps more correctly the maximum 
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hardness came early in the 15-min. interval and thus escaped 
detection. Softening is marked after the low maximum on the 
longer heating periods. 

We, of course, understand that the property changes incurred 
in the annealing of the quenched gold-copper alloy are in some 
way associated with the gradual decomposition of the unstable 
cubic solid solution and the formation in its stead of the stable 
tetragonal one. But still these changes cannot be all due to 
the simple replacement of one kind of solution by another, for, 
if this were all there was to it, the conditions most favorable 
for a complete transformation, i.e., a long time or a high tempera- 
ture of anneal, would result in the greatest change in hardness. 
This is exactly what does not happen, for there is, as we have 
seen, a distinct softening below the maximum value when either 
the time at a particular temperature is unduly increased, or when 
for a given interval the annealing temperature is unreasonably 
high. 

It has been proposed that in the so-called age-hardening alloys, 
of which this alloy is one example, the increased resistance to 
slip which results, for one thing, in greater hardness, is due to 
the form and position assumed by the phase precipitated as a 
result of the breakdown of the unstable solution. According 
to this notion, the particles of the new phase that happen to 
form along potential slip planes become the active ones in imped- 
ing slip, and when the number and size of such particles are just 
right, ^.e., critical, their action is really very effective. A hypo- 
critical dispersion, the condition prevailing during the initial 
moments of anneal, particularly at the lower temperatures, is 
less effective, while a condition of hypercriticalness — a small 
number of rather large particles — likewise results in comparative 
impotency. Excessive particle growth at high temperatures, 
or at lower ones if sufhcient time is given, is the assumed cause 
of the softening of the alloy which eventually occurs. 

Annealing. — This term was used in the foregoing discussion 
of the heat-treatment of the gold-copper alloy when one had 
occasion to speak of the reheating of the quenched alloy. The 
word itself is an old one, and in the older, historic meaning, it 
indicates a heating operation followed by a gradual cooling. This 
is the sense in which it is still used in the heat-treatment of steel. 
But with the advent of the heat-treatable, i.e., age-hardenable, 
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nonferrous alloys, the qualifying phrase describing the manner 
of subsequent cooling came to be disregarded, until now almost 
any heating operation regardless of the rate or manner of the 
cooling process which immediately succeeds the application of 
high temperatures has come to be designated as an annealing 
operation. We shall find, therefore, that contemporary usage 
of the term is not always consistent, at least insofar as the cooling- 
rate phase of the operation is concerned. But the term invariably 
refers to a high-temperature heating operation and is now often 
preceded by a descriptive adjective to indicate the precise objec- 
tive of the operation. We shall next review briefly some repre- 
sentative annealing operations, starting with the two that have 
been described as corrective in purpose. 

Homogeneizing Anneal. — Because of the fundamental selec- 
tive nature of the freezing* procedure of solid solutions, and 
because diffusion ordinarily does not keep pace with crystalliza- 
tion during solidification, cast sohd-solution alloys are more or 
less chemically heterogeneous. Thus, as we have seen, is the 
origin of the form of segregation found in such alloys known as 
dendritic segregation. It is obviously an unstable condition, 
yet often one that is peculiarly persistent. But, by suitable 
heat-treatment, or more quickly and thoroughly by a proper 
combination of mechanical and heat-treatments, dendriticaUy 
segregated alloys can be homogeneized and granulated, and 
their heterogeneous macrodendrites replaced by chemically 
uniform micrograins. Several microstructures of cast alloys 
have already been given in Chap. V; another such structure, 
that of a 1 per cent silver, copper-silver alloy, is shown in Fig. 
160a. The axes of the dendrites in this alloy are the copper-rich 
solution. The fillings are relatively rich in silver. There is a 
definite localized difference in composition throughout a given 
dendritic area. The homogeneized microstructure of the same 
alloy (Fig, 1606) shows this difference removed. In the latter 
alloy, granulation — a resizing and reorienting form of crystallo- 
graphic reorganization — has replaced the large, indefinite 
dendritic masses with small distinctly polyhedral grains; at the 
same time, diffusion has been briskly active, atoms of silver 
and copper have moved countercurrently from localized high 
concentration areas to lower ones, resulting in a general chemical 
uniformity throughout each grain and throughout the aggregate. 
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A pKotomicrograph of a bronze in the process of granulating 
and where homogeneization is only partly complete is shown in 
Fig. 161. (Compare this photograph with Fig. 62 of a cast 
bronze that has had no treatment at all; the general diffuseness 
of the dendritic pattern of the partly homogeneized bronze 
becomes then the more evident.) 

Temperature and time are the two external factors principally 
involved in the homogeneizing anneal. The higher the tempera- 
ture, the shorter will be the time necessary. Diffusion rates are 
dependent upon temperature, but at any temperature these are 
determined by the relative size of the migrating atoms, by the 



Fig. 160a. — Copper-silver alloy 
(1 per cent silver). As cast. Den- 
dritic structure. 100 X. 



Fig. 160b . — Same alloy after 
homogeneization treatment (anneal- 
ing). Polyhedral structure. 100 X. 


lattice type of the solution, by the degree of solid solubility, etc. 
The accelerating effect of working on diffusion and homogeneiza- 
tion when such material is subsequently annealed is assumably 
due to the 'Tooseness^^ of a strained lattice, facilitating readjust- 
ments which depend upon atomic movement. 

Annealing of Strain-hardened Metal. — Of the peculiar prop- 
erties of cold-worked metal, none is perhaps more important 
technically than the ability to recrystallize, to form, of itself, 
if conditions permit, a new crystalline conglomerate whose 
several grains are, as has been stated, strain-free, whole, and 
equi-axed. That is, there is no more important property than 
this, save that these recrystallized grains are capable of growth 
to dimensions which are determined, on the one hand, by the 
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degree of previous deformation, and, on the other, by the temper- 
ature and time of the annealing operation itself. Recrystalliza- 
tion and grain growth are physically indistinguishable, though 
complementary phases of a single phenomenon; no sensible 
boundary, in any physical sense, differentiates them as far as 
anyone can tell. Yet for purposes of study it may be convenient 
to discuss certain aspects of each separately. 

When a metal is heated, it will recrystallize, provided (1) 
that the metal has been previously strained (not necessarily 
cold-worked, though this is usually the most effective w^ay of 
strain creation), (2) that the temperature is sufficiently high, 
and (3) that the time of heating is sufficiently long. The 
particular temperature at which incipient recrystallization 



Fig. 161 . — Partly homogeneized and granulated structure in a copper-tin alloy. 

occurs depends upon the amount of deformation. The greater 
this is, the lower will be the recrystallization temperature. 
This is as one might expect, since the greater the degree of 
the instability or strain present, the greater is the urge of the 
metal to regain normalcy, and the sooner, in point of time or 
temperature, will it respond to a normalizing environment. 
The minimum temperature required for the recrystallization of 
worked metal, that is to say, the recrystallization temperature 
of severely worked metal, has been determined in a few cases 
only. The observations (given in Table 24) are, as one must 
know, only approximate. In Table 24, the last column gives 
the ratios of the melting temperatures and the recrystallization 
temperatures (both in degrees absolute) . The circumstance that 
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these temperature ratios are fairly constant is interesting, perhaps 
significant. 

Table 24 . — Appkoximatb Recrystallization Temperatures op Some 
Severely Deformed Metals 


Metal 

Approx, recrystalliza- 
tion temperature, °C. 

1 T melt, / T recry. 

Molybdenum 

900 

2.4 

Zinc 

Room temperatures 

2.3 

Iron 

450 

2.5 

Nickel 

600 

1.98 

Gold 

200 

3.00 

Silver 

200 

2.6 

Aluminum 

150 

2.2 

Magnesium 

150 

2.1 

Tungsten 

1200 

2.4 


The velocity of recrystallization on heating a strain-hardened 
metal depends on both the temperature (assuming, of course, 
this is high enough to cause recrystallization at all) and on the 
degree of previous deformation. The relationships are shown 



Fig. 162 . — Diagram illustrating the relation between the velocity of recrystal- 
lization, the temperature, and the amount of previous deformation. {After 
Czochralski.) 


in the diagram of Fig. 162. Recrystallization, as we see, occurs 
most rapidly at higher temperatures and with greatest amounts 
of deformation. 

The structural reorganization brought about by recrystalliza- 
tion results, as has been stated, in the formation of a new set 
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of small, strain-free crystals, which are now capable of growth. 
The want of any strain whatsoever and the ability to grow in any 
degree seem inconsistent, for, unless our present notions are in 
error, a strainless grain is dimensionally stable. As a matter 
of probable fact, the fledgeling crystallites are not absolutely 
free from strain; they are only freer from strain — manifestly, 
much freer — than were their predecessors. There is some 
evidence that warrants one in believing that this is so, e,g., 
the etching characteristics of partly recrystallized metal. Simi- 
larly, distortion and directed orientation effects of deformed 
metal are often persistent, and slight evidences of either may 
survive what is otherwise an adequate annealing treatment. 



Fig. 163. — Re crystallization (grain-growth) diagram of a.' metal, (^Ajter 

Czochralski,) 

So, supposedly because of small residuary strains, the small 
crystallites of recrystallized metal grow, on further annealing, 
at such a rate and to that size which temperature, time, and the 
degree of original strain permit. The final grain size is thus 
determined by at least these three factors. Grain-size depend- 
ence on the temperature of the anneal and on the degree of 
deformation — two interdependently controlling factors, by the 
way — is shown diagrammatically in Fig. 163. One finds (1) 
that a certain annealing temperature (for the time given) must 
be attained before any significant amount of grain growth 
occurs, and (2) that the temperature where rapid growth begins 
is lower, the lower the degree of deformation. Grain growth in 
reheated, strain-hardened metal probably proceeds by a process 
of absorption. The recrystallized grains, relatively strain-free, 
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and thus more stable than the still distorted ones, grow by 
absorbing the latter. The atoms of the old grains readjust their 
positions on their distorted lattices so as to conform to the 



Fig. 164a. — Copper-zinc alloy 
(alpha brass). 33 per cent reduc- 
tion. Annealed tr. at 340°C. 
100 X. Hardness = 65. {Photo- 
graph by Students in Harvard Metal- 
lurgical Laboratories,) 



Fig. 164c, — Same as a, but an- 
nealed hr. at 620'’C. Hardness = 
55. 100 X- (Photograph by StudcTiis 

in Harvard Metallurgical Labor a- 



Fiq. 16S45. — Same as a but an- 
nealed hr. at4S0°C. Hardness == 
59. 100 X. (Photograph by Stu- 

dents in Harvard Metallurgical Lab- 
oratories.) 



Fig. 164d. — Same as a, but an- 
nealed 3^ hr. at 760“C. Hardness = 
51. 100 X. (Photograph by Stu- 

dents in Harvard Metallurgical 
Laboratories,) 


orientation of an abutting recrystallized grain whose lattice is 
comparatively strain-free. Thus these atoms gain, at once, a 
new orientation and a comparatively strain-free environment. 
The reason why grain growth proceeds generally more rapidly 
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at higher annealing temperatures is the greater mobility of the 
atoms under these conditions; the supposed reason why exces- 
sively large grains are commonly associated with low degrees of 
deformation is that few recrystallizing centers start in such metal. 

The effect of the temperature of anneal on the grain size of 
cold-worked alpha brass (for photomicrograph of the brass as 
cold-worked, see Fig. 140c) is shown in Fig. 164. The time of 
annealing {14 hr.) was the same in each case, and the amount of 
cold work (24 per cent reduction of area) was also identical in all. 
Further illustrations of time and temperature effects on the grain 
size of annealed metal are shown in Fig. 165. In the first 
column are given the photomicrographs of three cold-worked 
sheets after annealing for 1 hr. at 815®C. The specimens 
were air-cooled, so that they w^ere exposed to the high tem- 
peratures only during the 1 hr. sojourn at the maximum tem- 
perature, plus, of course, the time taken to come up to this 
temperature. Re crystallization has occurred in all of these 
cases. The grain size is fairly small and uniform in each sample. 
Furthermore, it is the same in all samples with perhaps some 
indication that the most severely deformed specimen has, on 
the whole, a slightly smaller size of grain. In the second column 
are photomicrographs of the same sheet annealed for 1 hr. at 
925°C., and again air-cooled. The grain size is somewhat larger 
than in the preceding case. The next column’s photomicro- 
graphs illustrate, when compared with those of the second column, 
the effect of time on grain size. The specimens photographed 
here were all furnace-cooled in a commercial-size annealing 
furnace, which required several hours to reach room temperatures. 
Consequently, the time that the steel was exposed to grain- 
growing temperatures was much longer here than in the pre- 
ceding cases where the samples were taken from the furnace 
immediately after the 1 hr. heating. The grain size is definitely 
larger than the air-cooled samples annealed at the same 
temperature. 

The photographs in the right column illustrate the effects of a 
curious phenomenon, a case of ^'exaggerated grain growth.” 
The previous illustrations, diagrams, etc., which relate grain 
size, , degree of deformation, annealing temperature and time, 
assume uniformity in the degree of deformation and in the 
temperature of the specimen. When both of these two condi- 
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Annealed at 815°C. for 1 hr. Air 
cooled. 


Annealed at 925°C. for 1 hr. Air 
cooled. 

1. Slightly cold-worked. 2. Moderately 
Fig. 165. — Grain growth in annealed 
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Annealed at 925°C. for 1 hr. Furnace 


cooled. 

cold-worked. 3. Severely cold-worked, 
strain-hardened low-carbon steel. 100 X. 



Annealed at 760°C. for 1 hr. Furnace 
cooled. 
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tions prevail, we have what may be called normal grain growth. 
When, however, either a strain gradient or a temperature 
gradient exists in the specimen, and at the same time a critical 
complementary condition (temperature or degree of strain) 
prevails, grain growth may be greatly accelerated over what is 
the normal rate. These three photographs were taken along 
the edge of the sheet, near one surface (the surface shows at the 
right-hand edge of one photograph) . A strain gradient evidently 
existed in each of the preannealed sheets, due presumably to the 
circumstance that deforming stresses applied on the rolling 



!Fig, 166. — Change in mechanical properties of hard-drawn ingot iron (0.08 per 
cent C) on annealing for 25 min. {After Schmid and Boas.) 

surface of the sheet did not act with the same effectiveness 
somewhat below the surface as they did right on the surface. 
Consequently, a nonuniform distribution of strain from outside 
to center existed at the time of the annealing. The temper- 
ature of 760 °C., or thereabouts, seems to have been critical, 
since definitely higher temperatures, e.gr., 925°C., were not particu- 
larly effective and it can be shown that lower temperatures are 
even less so. 

The abnormal type of grain growth on annealing has been 
observed in a number of alloys (mild steels, silicon steel, brasses, 
etc.). The phenomenon, if prominent at all, is accompanied 
by an impairment of the toughness properties and is known in 
the case of the steel as Stead^s brittleness. 
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Property Ejects of Annealing. — It has been stated that the 
annealing of cold-worked metal is rehabilitative in intent and 
consequences; the properties which were changed in one way 
or another by cold-working are restored to the metal. In the 
annealed series of brasses (Fig. 164), the hardness change from 
95, the hardness of the cold-wmrked metal shown in Fig. 140c to 
65-51, (depending on the temperature of annealing) of the 
annealed alloys affords a simple case of property change on 
annealing of cold-w^orked metal. 

The change in mechanical prop- 
erties of a hard-drawm ingot 
iron on annealing at various 
temperatures for 25 min. is 
shown in Fig. 166; the changes 
in tensile strength for annealed 
brass sheet, previously rolled 
to four different reductions, 
are given in Fig. 167. In all 
cases the property change 
waits on a sufficient tempera- 
ture, i.e., the re crystallization 
temperature, then occurs rap- 
idly over a temperature range, 
eventually proceeding very 
slowly or not at all. The 
direction of change on anneal- 
ing is, of course, opposite to that on cold-working, the strength 
properties decrease, and the plastic properties increase. 

The electrical, magnetic, and corrosion-resistance properties 
of strain-hardened metal are also '‘normalized’' by annealing. 
The time-temperature-resistance-change diagram of strain- 
hardened copper is shown in Fig. 168. In Fig. 169 are given 
two diagrams which show the relative magnitude and the dis- 
tribution of the stresses in a nickel steel, first, in the cold-drawn 
condition, and then after this has been annealed. The release 
of internal strain is practically complete by such treatment. 
Strain relief and fine-structure effects of annealing are also 
evident in the X ray photographs of Fig. 170a; full description 
accompanies each photograph; but in general we may say that 
as the temperature of annealing increases, the internal strain 



0 200 400 600 • 800 

Annealing Temp. Deg. 0.(30 min) 


Fig. 167. — Effect of annealing at 
various temperatures on brass sheet pre- 
viously deformed 15, 30, 50, and 75 per 
cent. 
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and the directed orientation become less and less, while the sizes 
of the recrystallized grains become larger and larger. 

The Solution and Precipitation Anneals (the Age-hardening 
Treatment. — An example of the age-hardenable alloys used as 
an illustration above, the quenched gold-copper alloy was 
susceptible to fundamental changes on reheating which affected 
the hardness because the alloy was structurally unstable. This 
instability was the consequence of supercooling. A more common 
source of structural instability which likewise leads to age- 
hardening is super saturation, A type equilibrium diagram of 
such an alloy system showing age-hardenable properties is given 



Fig. 168. — Diagram showing the change in the electrical resistance of hard- 
drawn copper wire on annealing at various temperatures for various lengths of 
time. {After Sachs.) 


in Tig. 171. We have a terminal solution which shows a varying 
solubility with temperature. At room temperatures, metal A 
can dissolve a per cent of Bj at the higher temperature t, the 
solubility is increased to h per cent. The solubility at any 
intervening temperature is given by points along the line a-h. 
Any slowly cooled alloy intermediate between the maximum 
and minimum solubility values, as, for example, (x-x'), con- 
sists at room temperatures of the A-rich solution containing 
a per cent of metal B, and a second constituent, a new phase 
which contains the excess B. The nature of this second con- 
stituent is determined by what the next phase is in the particular 
alloy series ; commonly, but not always, it is intermetallic 
compound. When the duplex alloy is slowly heated, the second 
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constituent is gradually dissolved by A ; at temperature ti, solution 
is complete. If this alloy is then recooled slowly, reprecipitation 
of the second phase occurs. But if the coohng rate is such as to 
deny the time necessary, whatever that may be, for reprecipita- 
tion to occur, the rapidly cooled alloy will retain in solid solution 
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Fig. 169. — Distribution of internal stresses in a drawn nickel-iron-carbon alloy, 
(a) As cold drawn; (6) after annealing 1 hr. at 850°C. (After Sachs.) 


at room temperatures more than the equilibrium amount of B; 
the solution will be supersaturated and hence unstable. A 
reheating of this unstable alloy to temperatures below ti will 
permit the suspended precipitation to proceed, and the alloy 
reverts to a stable condition and the solution to one of normal 
concentration. If the reheating operation, as regards the time 
and the temperature, is such that the rejected phase is pre- 
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Fig. 170a, — Copper sheet, cold-rolled. Small grain, considerable internal strain, 
and some directed orientation. 



Fig. 1706. — Same cold-rolled copper sheet as above, but annealed at 400°C. 
Somewhat larger grain size than the rolled sample, indicating that recrystalli- 
zation has occurred. Some internal strain, no evident directed orientation. 
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p- 



Fig. 170c. — The same sheet annealed at 750°C. Larger grain size than the 
preceding sample. No strain. 



Fig. 170<i. — The same sheet annealed at 1000°C, Very large grains. 
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cipitated in particles of critical dimensions, age^hardening effects 
will follow. 

Such an age-hardening system is the copper-beryllium system. 
The equilibrium diagram of this system is one of the type illus- 
trated in Fig. 171. The maximum solubility of beryllium in 
solid copper is around 2.5 per cent (given also as 2.8 per cent), 
at a temperature^ of 800°C.,* at 400°C. it is around 0.75 per cent, 
and at room temperatures it is certainly less, but the exact 
figure is indeterminate. This constitutes the alpha solution 
of the series; the second phase, a beryllium-rich phase, is another 
solution, called' gamma. If, for example, the 2.5 per cent 
beryllium alloy is heated to somewhere about SOO'^C., where all 

of the beryllium is dissolved 
(solution annealing) , and 
quenched from that tempera- 
ture, a definitely supersaturated 
alpha solution results. Re- 
heating this quenched alloy to 
temperatures within the range 
of 200 to 400 °C. (precipitation 
annealing) results in the pre- 
cipitation of the gamma solu- 
tion, with changes in hardness 
as shown in the several hard- 

1 7 1 .—Temperature-solubility neSS-time CUrveS of Fig. 172. 
relationships in an age-hardening mi i i i i ^ 

system. I he age-hardening behavior of 

this alloy is generally like that 
of the gold-copper alloy, including a failure to develop maximum 
hardness at the low^er precipitation annealing temperatures 
except over abnormally long time periods, and overaging effects 
at the higher temperatures, etc. 

The first definitely recognized age-hardenable alloy was an 
aluminum alloy containing essentially 4 per cent of copper 
(duralumin). This alloy has an uncommon aging characteristic 
(which, in fact, led to the discovery of its age-hardening prop- 
erties), viz., the quenched alloy ages at temperatures as low as 
room temperatures. The mechanical hardness changes which 
take place in this alloy were explained originally as due to the 
keying effect of discrete particles of copper aluminide (CuAb) 
which were precipitated along potential slip planes of the alloy. 
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These increase the hardness because they increase the resistance 
to slip. But later it was found that properties other than the 
simple mechanical properties were implicated in the age-harden- 
ing of this alloy, and that these, in the case of the room-temper- 
ature-aged duralumin, were not explainable by the simple 
precipitation hypothesis. For example, the electrical conduc- 
tivity of duralumin aging at room temperatures slightly decreases, 
an effect opposite to what actual precipitation should lead. 
The conductivity of dilute solid solutions decreases with increased 
concentration of the solute, so precipitation of the solute, as is 



beryllium alloy. Hessenbruch.) 

assumed to happen on aging, should increase the conductivity. 
Also, the lattice parameter of duralumin remains unchanged 
when aged at room temperatures. When copper is dissolved 
in aluminum, the constant of the lattice of aluminum gradually 
decreases; aging, if it is a dilution process, should result in an 
increase of this constant. But there is no change. 

However, on aging quenched duralumin at higher tempera- 
tures, 150 to 200°C., the increase in mechanical hardness is 
always accompanied by the expected, if slight, changes in 
conductivity and in lattice constant. Apparently, the aging 
mechanism in the two cases is somewhat different- It would 
seem that the original explanation given for the hardening of 
duralumin, viz., the keying effect of precipitated particles of 
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critical dimensions, is applicable only to the alloy when aged at 
high temperatures, for then only does the theory fit in with 
anywhere near all of the observed phenomena. The aging 
behavior of duralumin at ordinary temperatures calls for a 
modification of this theory. It is now claimed that aging at 
room temperatures does not result in actual precipitation of the 
solute atoms — apparently the temperatures are too low for the 
process to proceed that far — but that these atoms, which are 
about to do so, collect in small groups locally on the host lattice, 
constituting with the proper number of the host metal’s atoms, 
potential crystal nuclei — crystals in embryo. It is a case where 
precipitation is imminent but not actual, threatening but not a 
fact. Localized segregation of the solute atoms on the solution 
lattice results conceivably in distortion of the latter in the 
vicinity of each of the incubating crystals. An increased 
resistance to slip along the roughened planes is a consequence, 
and the internal strain incident to distortion increases the electri- 
cal resistance. Since all solute atoms are still in solution, there 
is no change in the lattice constant of the solution. 

The Copper-nickel-silicon System. — The alloys at the copper 
corner of this ternary system are examples of age-hardenable 
alloys. Copper and nickel alone form a continuous series of 
solid solutions; they are mutually soluble in all proportions in the 
sohd state. The addition of small amounts of silicon changes, 
in a marked degree, this solubility relationship. The nickel 
and the silicon form an intermetallic compound, ]Sri 2 Si, which 
shows limited solubility in copper, the exact solubility depending 
on temperature. The copper corner of the ternary diagram 
(Fig. 173) gives a maximum solubility of the silicide in copper of 
a little less than 9 per cent. This is at a temperature of about 
1100°C.; the solubility at 300°C. is, however, less than 1 per cent, 
and at room temperatures it is probably still less. The second 
constituent in this series, at the copper corner, is the silicide 
compound. 

The particular alloy composition, whose age-hardening 
curves are given in Fig. 174, contains 2.08 per cent Ni 2 Si, 
the specific percentage composition of the alloy being copper 
97.78 per cent, nickel 1.77 per cent, and silicon 0.40 per cent. 
The solution-annealing treatment consists in heating the alloy 
to 775°C. for 1 hr.; this treatment suffices to put all the silicide 
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into solution. Water quenching from the solution-annealing 
temperature is a sufficiently rapid cooling to retain the silicide 
in solution. The hardness of the quenched alloy is 54 (Rock- 
well B). The precipitation annealing temperature ranges from 
300° to 700°C. In the lower set of curves of Fig. 174 the hard- 
ness of the sample aged at 475°C. reaches its maximum hardness 
in about 8 hr. Practically the same hardness is obtained in the 
500°C. anneal in 3 hr., and in 1 hr. at 525°C. Annealing at 
550°C. never develops a maximum as high as those secured in 
the lower anneals, and in the 700°C- anneal the hardness drops 
from the start. Overaging, the result of particle growth beyond 



Fig. 173. — The copper corner of the copper-nickel-nickel silicide ternary diagram. 

(After Corson.) 

critical size, is found in all cases, being most prominent in the 
samples annealed at the higher temperatures. The upper 
curves of the figure tell the story of hardness changes during 
longer annealing periods. It is. however, the same story , as the 
curves of the 0- to 20-hr. range of aging tell. 

The electrical conduction changes during aging of the alloy 
indicate that actual precipitation of the solute occurs. The 
data, in terms of pure copper’s conductance, are given in Table 
25. 

The Hardening of Steel. — The hardening of steel is essentially 
a dispersion-hardening phenomenon, differing certainly from 
the preceding examples in the magnitude of the hardening 
effects and apparently also in the complexity of the mechanism 
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Fig, 174. — Effect of aging time at various temperatures on the hardness of 
the 2.08 per cent Ni 2 Si copper-nickel-silicon alloy. Above, the 0-100 hr. range; 
below, the 0-20 hr. range. (A/ier Gonaer and van Wert.) 



THE MECHANICAL AND THERMAL TREATMENT 259 


responsible. In Fig. 175 is given a simplified form of the iron- 
carbon diagram, showing only the information immediately 
concerned in the heat-treatment of plain carbon steels. 

Table 25. — Effect of Aging Treatment on the Conductance of the 
2.08 Per Cent N 12 S 1 Copper-nickel-silicon Alloy 




Per cent 

Condition 

Hardness 

conductance 



of copper 

Solution annealed 

56 

18.27 

Partly aged 

142 

30.13 

Fully aged 

! 173 

40.96 

Overaged 

1 113 

42.20 

Annealed 

85 

34.27 


Let us confine our attention to the steel composition of 0.9 per 
cent carbon, i.e., the one of eutectoid composition. Above the 
Y-shaped eutectoid-inversion curve, the solid solution of carbon 
in gamma iron (austenite) is the stable phase. This is true for 



Fig. 175. — Simplified portion of iron-iron-carbide equilibrium diagram of use in 
the heat-treatment of steel. 

all compositions, including the one under consideration. The 
solubility of carbon in gamma iron is considerable (for an inter- 
stitial solution), being 1.7 per cent at a temperature of about 
1140°C., the melting point of the eutectic, and about 0.90 per cent 
at the eutectoid inversion temperature of 700°C. On slow 
cooling through 700°C., the gamma iron, no longer able to delay 
further the much overdue transformation (it already has been 
undercooled 200°C., through the stabilizing presence of 0.9 per 
cent of carbon) changes to alpha iron (ferrite) ; and because the 
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solubility of carbon in ferrite is extremely small (0.03 per cent, 
perhaps, at 700°C,), the carbon is rejected from the iron lattice in 
the form of an iron-carbon compound, FesC, cementite. The 
simultaneous precipitation of ferrite and cementite from austenite 
on slow cooling through the critical range of temperature results 
in the formation of a duplex aggregate, called pearlite, photo- 
micrographs of which have been shown earlier (see also Fig. 



Pig-. 176a. — 0.85 per cent carbon 
steel, slowly (furnace)- cooled through 
the critical range. Pearlite, lOOOX. 
{Photograj)h hy Reed.) 



Pig. 1765. — 0.85 per cent carbon 
steel, quickly cooled (water->quenched) 
through the critical range. Marten- 
site. 500 X. (Photograph hy Reed.) 


176a). The pearlitic aggregate (with excess, pro-eutectoid 
ferrite for hypo-eutectoid compositions, excess cementite for 
hypereutectoid alloys, but at the eutectoid composition, pearlite 
alone) is the product of the slow transformation of austenite, 
where everything that is due to occur is given all the time it 
needs to occur. And we must remember that there are at least 
two things that do occur (considering only the initial and the 
final states of the alloy) : first, the change in lattice from a face- 
centered cubic to a body-centered one, and second, the precipita- 
tion of the carbon as an iron carbide. Now, what happens if the 
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time needed for these two simultaneous changes to occur is 
denied, that is to say, if the cooling through the critical temper- 
ature is markedly accelerated as by water quenching? 

If by what happens'^ we mean what changes in properties 
take place, the question is easily answ'ered, for one can readily 
determine that the strength properties of the steel are consider- 
ably increased by the quenching treatment while the plastic 



Fig. 176c. — 0.S5 per cent carbon 
steel. Water quenched from 825°C., 
and reheated (tempered) to 400°C. 
Troostite. 500 X. (Photograph hy 
Reed.) 



Fig. 176d. — 0.85 per cent carbon 
steel. Water quenched from 825°C., and 
reheated to 650°C. Sorbite. 500 X. 
(Photograph hy Reed.) 


properties become seriously impaired. If however, we refer to 
microstructure changes, the answer must be less definite, for 
while we secure a characteristic microstructure in the quenched 
alloy, known as martensite (see Fig. 1766), the fineness of the 
structure presents difficulties in the way of resolution; its general 
cleavage character, however, tells us something about the 
crystallographic relationship of the new structure wdth the 
parent austenitic one. But if by our question we inquire 
concerning the changes in the fine structure of the alloy, partic- 
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ularly as these affect the final form and distribution of the 
carbon, any positive answer is hazardous. We do know, of 
course, the crystallographic form of the iron before quenching, 
and we do know the form of the iron after quenching, for marten- 
site is predominantly body-centered cubic. But the path 
traveled from the one to the other condition is not so surely 
known, but evidently an intermediate tetragonal form of iron, 
unstable and of inconstant cfa ratio, exists, for this form of iron 

has been found in quenched steels 
(Fig. 177). Presumably, this is a 
trapped transitional form of iron. 
What actually happens to the 
carbon during this reorganization 
of the iron lattice is still more 
uncertain, and we are not even 
sure of its final condition. Prob- 
ably, it is in the form of ex- 
tremely finely dispersed particles 
of iron carbide, yet, as is assumed 
in the case of low-temperature 
aged duralumin, it may be that 
precipitation is impending rather 
than having actually taken place. 
Because the change in thb iron 
from the gamma to the alpha 
form occurs with so little lapse 
of time, in fact almost instanta- 
neously, the recrystallized alpha 
grains have no time to grow ; 
they remain almost with nuclear 
dimensions. This is also conceivably true of the trapped 
particles of any precipitated cementite. And because the 
ferritic crystals, like all other recrystallized grains, will grow if 
opportunity is given, they are apparently strained. Martensite 
seems, then, characterized by an extremely small grain size of 
the continuous phase (ferrite), whose individual units possess 
internal strains of some significant magnitude due to the unusual 
time-temperature conditions under which they formed, and to 
the presence of critically, dispersed particles of cementite without, 
or to embryonic crystals of the carbide within the ferrite lattice. 



Fig. 17 6e . — Steel of slightly hyper- 
eutectoid composition, fully spher- 
oidized. 500 X. {Photograph by 
Reed,) 
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Yet, it has been impossible to determine which of these characters 
peculiar to martensite is the predominant cause of its exceptional 
hardness. 

Martensite, like any fully aged alloy — if such it is — is suscep- 
tible to over aging. If the quenched alloy is reheated to 
low temperatures, the hardness decreases and the toughness 
properties proportionately increase, presumably because the 
grains and the particles of the martensitic matrix grow somewhat 
in size and the crystallites lose ^ 

some of their strain. This con- ± 3.00 

stitutes tempering or drawing. If 2.95 

the reheating or tempering temper- J 290 

atures are low, say in the neighbor- g ccTI. o» 

hood of 400°C. (though particular 5 

temperature effects are a function 0 0.5 l.o 1.5 

of time), martensite changes into W 0 t. % Ccjirbon 

a quite microscopically structure tetragouirmIiten?te'a?_ 
less, easily etched complex, known as tioa of carbon content. {After 
troostite (see Fig. 176c), somewhat 

softer but much tougher than martensite. This is tempered steel, 
and is ordinarily the useful condition of so-called hardened steel 
since it possesses a much better combination of hardness and tough- 
ness than does the simply quenched variety. Heating to higher 
temperatures results in further drop in hardness and gain in 
ductility and toughness. Grain and particle size obviously 
continue to increase. The microstructure obtained does not 
differ decidedly from the troostitic structure, and a definitely 
resoluble structure fails to develop, though slight differentiation 
of constituents is at times discernible. Etching, however, is 
much less rapid, than in the case of troostite. This structure 
is known as Borhiie (Fig. 176d). Prolonged heating at tempera- 
tures just below 700°C. results eventually in the formation of 
microscopically visible cementite particles; in fact, these carbide 
particles may be made to assume spheroids of rather large size 
(Fig. 1706). This is the condition knowm as spheroidization. 
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Season cracking, 39, 179 
Seebeck effect, 12, 13 
Segregate structure, 137—151 
Selenite, rate of solution of, 106 
Slip bands, 208-210 
Sodium chloride, lattice type of, 25 
Solid solutions, alpha (of copper- 
zinc alloys), 126, 179, 180, 201, 
244, 249 

beta, 125, 127, 136 
dendritic, 127-131 
electrical conductivity of, 190-191 
gamma, 123, 136 
homogeneized, 125-127 
interstitial type of, 120, 194 
microstructures of, 125-131 
polyhedral, 125-127 
primary, 121 
secondary, 121-123 
substitutional type of, 114-120 
symmetrical (see Superstructure) 
thermal conductivity of, 191-192 
unhomogeneized, 127-131 
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Solidus, definition of, 50 
Solution rate, 221 

effect of deformation on, 223 
Sominerfeld, 11 
Sorbite, 263 
Sorby, 4 

Space lattice, 9, 10, 19, 20, 102, 187 
of the diamond, 134 
distortion of, 117 
of sodium chloride, 25 
Space lattice constants, 28 
change of, with alloying, 117 
Spheroidization, 263 
Stainless steel, 121, 125, 183, 187 
grain boundary segregation in, 
176, 178 
Stead, 4 

Steel, hardening of, 257-263 
Strain gradient, 112, 248 
Strain relief, 249, 251 
Stranger atoms, 114 
Strength, 8, 116 
compressive, 32 

effect of deformation on, 32, 172- 
173 

effect of impurities on, 32, 171 
effect of temperature on, 32, 168 
impact, 152, 155-156 
tensile, 32, 153-155 
torsional, 32, 155 
yield-point, 32, 154 
{See also Properties) 
Stress-strain diagram, 153-155 
Superstructure, 98, 123, 125, 178— 
179, 191, 196-197, 234 
Supracond activity, 43 
Suppressed transformation, 236 
System, physicochemical, definition 
of, 91 

T 

Tarnmann, 108, 116, 178, 227 
Temper carbon, 150 
Temperature coefficient, of electrical 
resistance, 40—42, 119 
of thermal resistance, 222 
Temperature gradient, 248 
Ter eutectic, 88 


Ternary equilibrium, 85-89 
Tetragonal lattice, 29, 235 
Tetragonal system, 23 
Thermal conductivity, 43-44, 191, 
192, 221, 222 

effect of composition on, 191 
effect of temperature on, 43—44 
Thermal expansion, 189, 200-202, 
222 

coefficient of, 200 
of iron-nickel alloys, 201 
Thermal properties, 9-15 
Thermal treatment, 228-263 
definition of, 229 
Thermionic emission, 14 
Thermoelectric effects, 11-15 
Thermostatic bimetal, 201 
Thompson effect, 14 
Toughness, 34-36 
definition of, 36 

effect of deformation on, 36, 218- 
219 

effect of temperature on, 36 
Transverse (longitudinal Hall) effect, 
12 

Triclinic system, 23 
Troostite, corrosion of, 176 
Twinned crystal, 126 
Twinning, 126, 215-217 

U 

Undercooled liquids, 21 
properties of, 224 

•V 

Valence, 9 

in interinetallic compounds, 135- 
136 

Van Wert, 258 
Variability, 90, 92 
Veblen, 9 

W 

Wear resistanec, 153, 158-159 
Westgren, 132 
Whitening power, 126 
Widmanstatten structure, 139, 141- 
146 
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Widmanstattea structure, 
structures of, 143-147 
origin of, 142-143 
Wiedemann-Franz ratio, 43 

X 

X rays, discovery of, 4 


micro- Y 

Yield point, 152, 154 
Z 

Zwicky, 209 




